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ABSTRACT
The Mass Spectrometer-based Continuous Emission Monitor (MS-CEM) for organic 
compounds was developed and evaluated at the Louisiana state University (LSU) Pilot- 
Scale Rotary Kiln Incinerator (RKI). The MS-CEM consists o f stack probe, heat traced 
sampling line, vacuum pump, particulate filter, Nation dryer and Extrel mass spectrometer. 
The Nafion dryer is a special type o f  dryer that has the ability to remove moisture from the 
gas sample without removing organic compounds o f  interest. The mass spectrometer is a 
quadrupole mass filter. The mass spectrometer includes a computer that controls and 
optimizes the operation o f  the unit.
The MS-CEM was tested by injecting a mixture o f benzene, toluene, 
trichloroethylene and dichloroethylene into the baghouse inlet, and a gas sample was 
continuously extracted from the stack and analyzed for the concentration o f these 
compounds simultaneously on real-time basis. The same procedure was repeated by 
injecting the organic compounds into a sampling line instead o f the baghouse.
The expected concentrations o f  each component in the stack gas, for the baghouse 
injection experiment, were calculated and compared with the concentration o f each 
component obtained from the MS-CEM. The results obtained from the MS-CEM, for 
sampling line injection, were used to calculate the amount o f each component detected 
and quantified. The amount o f each component detected and quantify by MS-CEM was 
compared with the amount o f  each component in the liquid mixture that was injected into 
the sampling line. The Calibration Drift (CD) and the response time were also evaluated. 
The MS-CEM results were also used to perform modeling o f  non-ideal flow in the RKI.
x
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CHAPTER 1 
INTRODUCTION
1.1 PROBLEMS WITH PICs EMISSIONS FROM HAZARDOUS WASTE
COMBUSTION UNITS
The environment and health effects o f emissions from hazardous waste incinerators 
have been a major controversy in the United States. The perceptions o f  the general public 
about emissions from incinerators makes it difficult to build and permit hazardous waste 
incinerators. The public outcry demands the EPA to restrict the operation or eliminate 
hazardous waste incineration plants. In response to the public demand, the EPA has 
promulgated a series o f  performance standards for incinerators since 1981 under the 
Resource Conservation and Recovery Act (RCRA). Recently, the EPA came out with 
Combustion Strategy followed by the proposed Maximum Achievable Control Technology 
(MACT) standards for incinerators.
The Combustion Strategy (EPA530-R-94-044, 1994) demands that, before any 
permit for an incinerator can be issued, the facility must conduct risk assessments. In 
order to perform the risk assessment, each chemical in the hazardous waste incinerator 
flue gas must be identified and quantified. This presented problems for both regulatory 
agencies and regulated industries. The main problem was that it is technically and 
economically not feasible to measure individual pollutants from an incinerator (FR 17375,
1996). The present sampling and analytical methods used to determine Destruction and 
Removal Efficiency (DRE) is inadequate. The organic compounds that the method, 
(specified in EPA SW-846, Test Methods for Evaluating Solid Waste - Physical/Chemical
1
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Methods), was designed to quantify were Principal Organic Hazardous Constituents 
(POHCs). The POHCs are surrogates spiked into the incinerator waste feed. This 
allowed the owner/operator to sample and analyze only these POHCs during the trial bum, 
according to these methods. But the risk assessments require a knowledge o f  all 
pollutants emitted and these methods are incapable o f  detecting and quantifying all the 
organic pollutant emissions in the stack, on a real-time basis. These pollutants are 
commonly referred to as Products o f  Incomplete Combustion (PICs). The PICs include 
products formed in the combustion and post-combustion zone and organic contaminants 
from the ambient air (Dehnpsey and Oppeh, 1993). The most common PICs emissions 
from hazardous waste incinerators include benzene, trichloroethylene, toluene and 
dichloroethylene.
In addition to the PICs emissions during normal operation, some pollutants may be 
released from the incinerator stack during operation upsets. There are different types o f 
upsets. These upsets are thermal, stoichiometric and residence time upsets (Dellinger,
1996). The upsets may be due to many factors such as a sudden drop in the heat o f 
combustion o f  the waste feed, poor atomization o f the waste feed, etc. The process 
upsets lead to unwanted emissions o f  organic compounds from the stack to the ambient 
air. During the process upset, the operating conditions o f  the combustion chamber 
become unsteady, which may lead to low temperature, poor mixing and lack o f  sufficient 
oxygen. Since the process upset occurs in short periods o f time, it is necessary to 
continuously monitor PICs emissions from the stack on a  real-time basis. The question is
2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
how can these organic compound's emission, due to the operation upset, be detected and 
quantified?
In order to monitor emissions due to process upsets, one needs to use a continuous 
emission monitor on a real-time basis. At present, there is no method to sample and 
quantify these different organic compound emissions on a real-time basis. Since each 
organic compound cannot be identified and quantified, it becomes impossible to minimize 
the emission o f  these compounds, due to the process upsets and, therefore, it is impossible 
to quantify the risks posed by these pollutant emissions accurately. As a result, the risk 
assessment being performed is based purely on many assumptions, which include the 
estimate o f  the process upset factor for organic compounds. The upset factor o f 2.8 is 
used by the EPA to perform risk assessment (EPA530-D-98-001A, 1998). The process 
upset factor was based on the number o f automatic waste cut-off trips, due to deviation 
from normal or steady state operation, per number o f  hours o f steady state operation 
without any shutdown. This process upset factor is based neither on the individual 
combustion unit process upset rate per a period o f  time nor the actual amount o f PICs 
emissions from the stack due to process upsets. To correct this problem, a real-time 
continuous emission monitor for organic compounds needs to be developed to 
continuously monitor the stack emissions.
In addition, the use o f carbon monoxide as a surrogate to control organic 
compound emissions owed to a lack o f  Continuous Emission Monitors (CEMs).
According to the Federal Register 17379, it was stated that the EPA believes that facilities 
have a number o f  advantages using CEMs. One o f  the advantages is that the assumptions
3
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to ensure compliance are fewer and less conservative. The EPA further stated that direct 
measurement o f  the emissions is the top o f the monitoring hierarchy and that CEMs are 
less intrusive on the facility than operating limits.
The lower combustion efficiency, which is due to process upsets, is the main factor 
responsible for PICs information. These process upset factors are poor turbulent mixing, 
which may result in lack o f  interaction between organic molecules and oxygen molecules, 
the quench action produced by excess air and make-up air into the combustion chamber 
can lead to temperature reduction, the combustion gases passing over cool surfaces can 
cause quenching o f the fast oxidation reactions, and a short residence time o f the 
combustion gases leads to the lower combustion efficiency and formation o f PICs. 
(Dellinger, 1986.) Dellinger and Hall (1986) concluded that CO and THC continuous 
monitors, which are used to monitor process upsets, are inappropriate for continuous 
monitoring o f incinerator efficiency.
Much o f the data cited by the EPA (Guidance on PIC Controls for Hazardous 
Waste Incinerators) do not show any clear relationship between carbon monoxide and 
PICs emissions. Therefore, the use o f  carbon monoxide CEMs as a surrogate to monitor 
organic compounds emissions is inadequate.
To solve the problems enumerated above, the EPA and U.S. Department o f 
Energy sponsored test programs to evaluate CEMs that have potential for monitoring 
organic compounds and trace metals. The tests o f  the CEMs are discussed in Chapter 2.
4
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1.2 LONG-TERM OBJECTIVE
The long-term objective o f this study is to identify sets of organic compounds that 
can be continuously monitored and whose concentration correlates very well with PICs 
emissions and DRE. As mentioned earlier, CO emission does not correlate with PICs 
emission. As a result, there are many PICs emitted from the combustion devices, even 
though these devices and operations have met both RCRA and TSCA requirements. The 
identification o f  organic surrogates at various operational upsets or failure modes will 
involve the understanding o f the relationship between the stack measurement and the 
combustion chamber process.
Before this long-term objective can be accomplished, there is a need to develop 
and evaluate continuous monitors for organic compounds. Therefore, the objective o f  this 
study will focus on developing a  mass spectrometer-based continuous monitor, as 
described in Section 1.3.2.
1.3 OBJECTIVE OF THIS STUDY
The objective o f this study is to develop and evaluate a continuous emissions 
monitor to identify and to quantify continuously individual organic compounds from 
incinerators, industrial furnaces and boilers. A Questor IV Process Mass Spectrometer 
(QPMS) and a heat-traced sampling system are the primary components o f the Continuous 
Emission Monitor (CEM). The CEM will be tested using the Louisiana State University 
Pilot-Scale Rotary Kiln Incinerator (LSU-RKI).
5
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The data obtained from the evaluation o f  the CEM were used to fit the dispersion 
model that describes the characteristics o f  flow through the baghouse, the stack and the 
sampling system.
1.4 BACKGROUND
There are many different technologies to treat hazardous waste, but for many 
wastes, incineration has proven to be the best technology available. An incineration 
system is capable o f  destroying most o f  the hazardous organic compounds. In order to 
force proper design and operation o f  incineration systems, Congress passed the Resource 
Conservation and Recovery Act (RCRA). Based on this law, the EPA promulgated the 
final performance standards for incinerators under Section 3004 o f  RCRA. These 
performance standards were codified in 40 CFR 264.343. The owner/operator o f  an 
incinerator must design and operate the incinerator in accordance with these standards. 
One o f  the requirements o f  these standards was that an incinerator demonstrate the 
capability o f achieving 99.00 percent destruction and removal efficiency (DRE) o f  the 
principal organic hazardous constituents (POHCs) in the hazardous waste incinerated. 
The standards required a trial bum to demonstrate and set operating limits for the 
incinerator. These limits, however, do not necessarily produce a  satisfactory solution to 
emission problems. The emission o f  uncombusted organic compounds and the organic 
compounds formed in the combustion chamber, known as Products o f  Incomplete 
Combustion (PICs), are potential health risks to the public. In addition to the above 
standards in 40 CFR 264.343, the EPA issued a Draft Risk Assessment Guidance for 
Hazardous Waste Combustion Facilities in 1994. This guidance is to be used to
6
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implement the EPA Hazardous Waste Minimization and Combustion Strategy. The 
original draft was released in May, 1993. The strategy requires all hazardous waste 
combustion facilities to identify and quantify PICs emissions. The PICs emissions data 
will be used to perform risk assessments.
There are no available data on PICs to perform accurate risk assessments. 
Therefore, the EPA tried many methods to identify these PICs, but it did not produce the 
desired results. One o f  the testing programs, as mentioned earlier in Section 1.2, to 
evaluate potential CEMs for organic compounds at the EPA Incineration Research Facility 
in Jefferson, Arkansas, foiled to produce the desired results. None o f the three different 
volatile organic compounds the CEMs tested, belonging to MSP, ORNL and Eco Logic, 
met EPA requirements. As a result, the present risk assessments for combustion devices 
are based on conservative emissions estimates. These conservative emissions estimates 
have created many controversies among the regulated industries, regulatory agencies and 
the public.
In 1999, the EPA promulgated another hazardous waste incinerator regulation 
under the Clean Act. This regulation is known as the Maximum Achievable Control 
Technology (MACT). This requires all incinerators to meet DRE , particulate, mercury, 
volatile metal and dioxin/ftiran requirements. Initially, the EPA was prepared to require 
CEMs for speciated organic compounds in the MACT rule, but there was no proven CEM 
for organic compounds available. Therefore, the requirements for organic CEMs were 
dropped.
7
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The emissions o f  hazardous air pollutants from various manufacturing facilities and 
hazardous waste combustion devices have impacts on human health and the environment. 
Therefore, it is prudent to identify and quantify individual hazardous air pollutants, 
especially organics. At present, there are no Continuous Emission Monitors (CEMs) to 
monitor organic emissions from the hazardous waste combustion devices, and there is very 
little literature on this topic.
4
2.2 LITERATURE REVIEW
Several CEMs for Volatile Organic Compounds (VOC) were tested at the EPA’s 
Incineration Research Facility (IRF). The purpose o f  the demonstration was to determine 
the accuracy o f  each CEM. The following Mass Spectrometer-based CEMs were among 
the CEMs for organic compounds tested:
• Ecologic continuous chemical ionization mass spectrometry;
» Oak Ridge National Laboratory (ORNL) direct sampling ion trap mass
spectrometry;
Marine Shale Processor (MSP) continuous online mass spectrometry.
The reference method samples for Volatile Organic Sampling Train (VOST) were 
taken simultaneously with the CEMs measurement o f  VOCs concentrations. Benzene, 
Chlorobenzene, Tetrachloroethene, Chloroform, 1,2-Dichloroethane, 1,1-DichIoroethene,
9
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Tetrachloroethane and Toluene were introduced into the flue gas, and the flue gas was 
sampled using each CEM and reference method.
Testing o f the CEMs was carried out in the Pilot-Scale Rotary Kiln Incineration 
System at EPA’s Incineration Research Facility, located in Jefferson, Arkansas. This 
facility has since been closed. Before the testing started, the kiln was brought to steady 
state operations by burning natural gas. For the organic test, organic mixture compounds 
consisting o f  benzene, carbon tetrachloride, chiorobenzene, dichloroethane, 
dichloroethylene, tetrachloroethylene, toluene, tricholorethane, and trichloroethylene and 
other semi-volatile were spiked into methanol. Before injecting the organic methanol 
mixture into the afterburner exit flue gas, the afterburner exit flue gas was partially 
quenched to a temperature between 600° and 800° F. The VOST was used to perform 
stack sampling while the CEMs were continuously monitoring the organic compound 
analytes. Thermal desorption, purge and trap, method 5040, and the quantitation analysis 
was performed using method 8015 A. The results from VOST samples and CEMs were 
compared.
The result o f  the demonstrations showed that the percentage differences between 
the reference method and the CEMs were very high. For example, the ORNL CEM 
percentage difference was 64% at high concentration for Benzene. The MSP CEM could 
not be operated during the test period. The little data that the MSP CEM measured, 
showed a high percentage difference o f  about 5,000% to 13,375% for Benzene. The 
relative accuracy obtained was poor during the test. The ORNL CEM varied from 173% 
at low concentration to 84% at high concentration; Ecologic’s relative accuracy varied
10
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from 27% to 2,520% at low concentration. MSP’s relative accuracy for the data that they 
were able to measure varied from 315% at low concentration to 412,000% at high 
concentration. The results were better at high concentrations than at low concentrations 
o f VOCs (Waterland, 1996). However, the overall test program results foiled to meet the 
test objectives.
Fourier Transform Infrared Spectrometer (FI1R), coupled with a Long-Path Cell 
(LPC), was used to continuously monitor effluence from a laboratory incinerator. The 
concentration changes o f  toluene, chiorobenzene, benzene, ethylene, trichloroethylene,
1,1,1 -trichloroethane, hydrogen chloride, carbon dioxide, carbon monoxide and methane 
were measured as operating conditions, changing from one set o f  conditions to another 
(Mao, 1993). A calibration o f  the instrument was done with representative sample 
components to be analyzed, to obtain spectra o f the individual pure component. The 
calibration gas consisted o f  48.4 ppm o f toluene in Nitrogen, 50.7 ppm o f chlorobenzene 
in nitrogen, 50.5 ppm o f  benzene in nitrogen, etc,.
The passive-remote FTTR is different from conventional FTIR spectroscopy. The 
passive-remote FTTR instrument does not contain a source or sample cell. Passive-remote 
FTTR spectroscopy is useful in identifying a plume source and the chemical components of 
fugitive emission. This type o f  FTTR detects toxic chemicals and carbon monoxide in the 
plume, up to 1 Km from the stack source (Mao, 1995). Passive-remote FTTR is used to 
identify hydrogen chloride, carbon dioxide, benzene, toluene, PCB, methane, ethylene and 
one-two carbon chlorinated hydrocarbons.
11
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The integrated, transportable FT1R was to be used to test emissions from a pilot- 
scale rotary kiln incinerator. The testing was funded by DOE and EPA to evaluate the 
FT1R-CEM. The feed would be spiked with a  mixture o f metals and organics. Flue gas 
would be continuously monitored using the FTTR-CEM and, at the same time, Reference 
Method sampling would be conducted (Burns, 1995).
Note: the Arkansas pilot-scale rotary kiln incinerator, that would have been used 
for this demonstration, was closed. The test was never carried out.
Another type o f  FTTR instrument is the in situ FTTR, by Advance Fuel Research, 
Inc. The instrument was tested to evaluate its tolerance to vibration, temperature 
variations, sensitivity and reliability. The spectra obtained during the demonstrations 
could provide data to be used for optimization o f process conditions (Solomon, 1995). 
This instrument could provide the feedback needed to implement effective control o f  the 
non-catalytic reduction ofNOx. This FTTR instrument was capable o f monitoring NOx, 
but not organic compounds.. It was used to quantify NOx emission from selective 
noncatalytic NOx reduction. The result was 460 ppm NOx, which was comparable with 
the other NOx analyzer.
Tunable Diode Lasers (TDL) can also be used for continuous emission monitoring 
and process control in combustion processes. The difference between the FTTR and TDL 
is that TDL has a very narrow bandwidth with high resolution, while the FTTR has a  wide 
band-width. Therefore, it was stated that it is more advantageous to use TDL with FTTRs 
for VOC continuous monitoring and process control (Allendorf, 1995).
12
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2.3 MODELING OF FLOW THROUGH REACTORS
When a tracer is injected into a flow system, such as pipes, the molecules o f  the 
tracer do not exit the system at the same time. The molecules exit the system (pipes 
and/or vessels) at different times because different molecules take different routes. The 
distribution o f these exit times is known as Residence Time Distribution (RTD) or Exit 
Age Distribution. The RTD concept has been used to model flow and mixing 
characteristics o f reactors. When fluid elements with different compositions are brought 
closer together, mixing occurs because o f  the compositional differences. In a continuous 
flow system, the compositional differences between fluid elements and the concept o f age, 
is used to characterize the mixing process. Age is defined as the time that the fluid 
element, molecule, Brownian particle or any conserved entity has spent in the system. 
Characterization o f  mixing in terms o f  ages allows treatment o f a continuous flow system 
that is independent o f specific mixing mechanisms. This treatment is termed residence 
time theory. Particles have zero age when the first enter the flow system and acquire age 
when the particles leave the system boundary.
Nauman (1981) defined F(t) as the probability that a particle had a residence time 
less than time, t, and W(t) as defined as the decay or washout function.
W(t) = 1 - F(t) (2.1)
where W(t) is the fraction o f  particles that experience residence times greater than time, t. 
The differentiation o f F(t), with respect to time, gives the response function h(t).
13
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Therefore
Ml> = (2.2)
When a tracer is injected into the system at a very short time pulse, or 
instantaneously at the inlet o f the flow system, and the concentration o f  the tracer is 
monitored as a function o f  time, the impulse response function h(t) can be determined.
M,)= C ( £ ) _ = C ( 0
£ c(t)dt c„ (2-3)
He further states that the response to a  more complex signal can be determined using 
convolution, as shown in equation 2.4.
C( t ) = \ ' 0C0(tf ) h ( t - t f )dtf (2.4)
Where
CQ = the tracer input concentration 
C (t )  = the output concentration 
tj. = time spent in the flow system
The tracer introduced into the flowing fluid mixes with the fluid as it flows through 
the system. The dispersion o f the tracer in the flowing fluid through the system was 
described by Levenspiel (1957). He used the dispersion coefficient, D, to describe the 
degree o f mixing o f the tracer with the fluid, as the fluid and the tracer flow through the 
system. He stated that for a  fluid flowing through the system with the tracer injected at 
the entrance o f  the system, the outlet concentration C(t) is a function o f  time, t, and the
14
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length o f  the system, L. For a fluid moving through the pipe o f  length, L, the outlet 
concentration, C, is given by the equation 2.5.
c =
UL





D = longitudinal dispersion coefficient 
C = normalized concentration 
L = length o f pipe
U = Velocity o f the fluid through the pipe
The plot o f  the C versus 0 produces a family o f  curves as a function o f D/UL. The 
skewness o f  the curves increases with D/UL values. When D/UL is small, the curve 
approaches normal, but when D/UL is large, the curve flattens out. D/UL can be
determined using the variance, (J1 ,o f  outlet concentration o f  the tracer, monitored at an 
interval o f  time.
Let f  represent the function, C, shown in equation (2.5) and x be the normalized 
time, 6 , as shown in equation (2.5). Levenspiel expresses the variance, CT2, as a 
function o f  x and f.
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o> = -^T = cr:\-\  (2-7)
v ,
_ | = *(V8^TT - ,)  (2.8)
where
f t 3v = fluid volumetric flow rate ( ------ ) through the system
sec
V = volume o f the system ( f t 3)
V
—  = mean resident time (sec.)
V
Van De Vusse (1959) stated that the measurements o f the diffusion coefficient
obtained by tracer injection in the continuous phase can be used to determine the
2
dispensed phase diffusion coefficient. He showed | —  | is a function o f Peclet numbers,
(J,
as shown in equations (2.9) through (2.14), and definitions.
0  = average residence time 
L = length o f tube
16
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a  = variance o f the spread in residence times o f the particule 
k  = particule settling velocity 
v = particule velocity
Curl and Me Millan (1966) performed both step and pulse tests. They used a glass 
column packed with catalyst pellets. The ends o f the column were packed with glass
17
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beads to help distribute the flow. Distilled water and sodium chloride were used in the 
tests. In both the step and pulse tests, sodium tracer was injected into the distilled water 
flowing through the glass column. The effluent samples containing the mixture o f distilled 
water and sodium chloride were taken at regular intervals o f time, and the concentration 
o f the sodium chloride was measured. The effluent concentration data was analyzed using 
the flowing equation for pulse test, as shown in equations (2.15) through (2.17)..
The results obtained from the pulse test were compared with the step change test. The 






In the case o f axial diffusion, at any given instant the distribution is a Gaussian function
and
T = —  (2.18)
U
T = resident time
D = molecular diffiisivity
U = velocity o f the fluid
18
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L = length o f the pipe
( j2 = variance
For laminar flow, molecular diffusion affects the residence times o f fluid elements flowing 
through a cylinder in two ways:
a) Radial effects, in which the distribution o f residence times is made more 
homogeneous.
b) Longitudinal effects, which make the residence times distribution less 
homogeneous.
^ \DLThe radial effect is negligible when the tube diameter d > 25J  —.
When molecular diffusion is combined with the variation o f liquid velocity in the 
tube, you have an effective axial diflusivity.
d 2U 2
K  = — -— (220) K=Eflfective axial diflusivity
192D
The axial spreading, caused by the parabolic velocity distribution and the effect of 
radial molecular diffusion are interdependent (Klinkenberg & Sjenitzer, 1956).
In the turbulent flow
”  (221)
U L ^ U L
Kastrinakis and Nychas (1998) studied mixing processes in the near wake o f a 
circular cylinder, by measuring instantaneous values o f focal concentration. A 
conductivity probe was used to measure the concentration o f NaCl in water, at Reynolds
19
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numbers ranging from 200 - 650. The test concludes that the moments exhibit large 
deviation from Gaussian behavior, except at the neighborhood o f the plane o f  the 
symmetry o f the wake.
The intensity o f segregation is given by:
Ca = Initial NaCl concentration
From the computation o f the intensity o f segregation, the degree o f mixing grows with the 
downstream distance.
Hobbs and Muzzio (1997) investigated the performance o f the static mixer for 
mixing small streams o f passive tracer into the bulk flow, as a function o f injection 
location and flow ratio. The mixture quality was evaluated in terms o f  a mixing index 
which describes the degree o f homogeneity o f the system. The mixing index is expressed
as a function o f standard deviatk>n(<7 ) or variance (tr  2 )  o f  the mixture sample.
(2.22)
Is = A quantitative criterion for the degree o f molecular mixing which is the 
intensity o f segregation
C = Instantaneous concentration
Cm = Mean concentration value when complete mixing has occurred for two 
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C i = the concentration o f th e /^  sample
C  = mean concentration 
n = number o f samples
The authors concluded that injection location is unimportant if a sufficient long 
mixer is available, although the location o f the initial injection has a large effect on  the 
spread o f tracer over the first few mixer elements.
2.4 REFERENCES
Allendorf, S.W., Ottensen, D.K. and Frish, M.B. 1995. Tunable Diode Lasers: A  New 
tool for Continuous Emissions Monitoring and Process Control in Thermal Treatment 
Processes, Incineration Conference Proceedings
Brodkey, Robert S. 1981. Fundamentals o f Turbulent Motion, Mixing, and Kinetics, 
Chemical Engineering Communication, Vol. 8, pp. 1-23
Bums, D.B. and Richards, M.K. 1995. Continuous Emissions Monitoring 
Demonstration Program, Incineration Conference Proceedings
Curl, R.L., McMillan M.L. 1966. Accuracy in Residence Time Measurements, A .I. ch. E 
Journal, Vol. 12, No. 4, pp. 819-822
Danckwerts, P.V. 1953. Continuous Flow System, Chemical Engineering Science, VoL 
2, No. l,p p . 1-13
Duda, J.L., Vrentas, J.S. 1969. Perturbation Solutions o f Diffusion-Controlled Moving 
Boundary Problems, Chemical Engineering Science, Vol. 24, pp. 461-470
Fan, L.T., Michael, S.K., Ahn, Y,K., Wen, C.Y. 1969. Mixing Models with Varying 
Stage Size, The Canadian Journal o f Chemical Engineering, VoL 47, pp. 141-147
Frederick, J.K., Katz, Stanley, Shinnar, ReueL 1969. Interpretation o f Tracer Experiment 
in System with Fluctuating Throughput, I & E C Fundamentals, Vol. 8, No. 3, pp. 431- 
441
Hobbs, D.M., Muzzio, F.J. 1997. Effects o f Injection Location, Flow Ratio, and 
Geometry on Kinetics, A.I. ch. E Journal, Vol. 43, No. 12, pp. 3121-3132
21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Kastrinakis, E.G., Nychas, S.G. 1998. Mixing at High Schmidt Numbers in Near Wake 
o f Circular Cylinder, Chemical Engineering Science, VoL 53, No. 23, pp. 3977 - 3989
Klinkenberg, A., Sjenitzer, F. 1956. Holding Time Distribution o f Gaussian Type, 
Chemical Engineering Science, VoL 5, pp. 258 - 270
LevenspieL, Octave, Smith. Wk. 1957. Notes on the Diffuskm-Type Model for 
Longitudinal Mixing o f  Fluids in Flow, Chemical Engineering Science, VoL 6, pp. 227- 
233
Mao, Z., Demirgian, J.C., and Hang, E. 1993. On-line Monitoring o f 
Incinerator Emissions, Proceedings o f the 1993 Incineration Conference
Nauman, E. Bruce. 1981. Residence Time Distributions and Micromixing, Chemical 
Engineering Communication, VoL 8, pp. 53-131
Patterson, Gary K. 1981. Application o f Turbulence Fundamentals to Reactor Modeling 
and Scaleup, Chemical Engineering Communication, VoL 8, pp. 25-52
Solomon, P.R., et al. 1995. FTIR Monitoring o f Incinerators, Incineration Conference 
proceedings.
Stokes, R.L., Nauman, E.B. 1970. Residence Time Distribution Functions for Stirred 
Tanks in Series, The Canadian Journal o f Chemical Engineering, VoL 48, pp. 723-725
Van der Laan, E.T. 1958. Notes on Diffusion-Type Model for Longitudinal Mixing in 
Flow, Chemical Engineering Science, VoL 7, page 187
Van der Vusse, J.G. 1959. Residence Times and Distributing Residence Time in Disperse 
Flow System, Chemical Engineering Science, VoL 10, pp. 229-233
Van De Vuse, J.G. 1962. A New Model for the Stirred Tank Reactor, Chemical 
Engineering Science, VoL 17, page 507
Voncken, R.M., Holmes, D.B., Den Hartog, H.W. 1964. Fluid Flow in Turbine-Stirred, 
Baffled Tanks - II, Dispersion During Circulation, Chemical Engineering Science, VoL 19, 
pp. 209-213
Waterland, L.R. et al. 1996. Innovative Continuous Emissions Monitors: Results o f the 
EPA/DOE Demonstration Test Program, Incineration Conference Proceedings
Wehner, J.F., Wilhelm, R.H. 1956. Boundary Conditions o f Flow Reactor, Chemical 
Engineering Science, VoL 6, pp. 89-93.
22
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3 
THE MASS SPECTROMETER-BASED 
CONTINUOUS EMISSION MONITOR (MS-CEM)
3.1 INTRODUCTION TO MASS SPECTROMETRY
There are different types o f Mass Spectrometers. The most common Mass 
Spectrometers are Magnetic Analyzers, Time o f Flight Analyzers, and Quadrupoles. A 
Magnetic Analyzer Mass Spectrometer is a general purpose instrument and it is used 
whenever accurate mass measurement is required. The Time o f Flight Mass Spectrometer 
is commonly used for analysis if a large mass range is required (Wat so, 1990). The main 
difference between these Mass Spectrometers is the principle on how each Mass 
Spectrometer separates ions generated in the ion source.
3.1.1 MAGNETIC ANALYZER
The molecules o f the sample components are ionized by electrons released from a 
filament as they travel toward the anode. The ions generated are then accelerated towards 
the mass analyzer. The ions traveling through the mass analyzer experience a magnetic 
field, which causes the ions to follow a circular path. The radius o f the curve path 
depends on the ion mass and the strength o f the magnetic field.
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Where
B = magnetic field strength 
z = charge o f the ion 
r = radius o f the curvature 
m = mass o f the particle 
V = accelerating voltage
By fixing B and r, V can be varied to analyze the m/z o f interest.
3.1.2 TIME OF FLIGHT MASS SPECTROMETER
The Time o f Flight Mass Spectrometer ion separation principle is based on the 
mass o f the particles. All particles in the flight tube have the same kinetic energy, and 
their velocities are inversely proportional to their respective masses. Therefore, the lighter 
particles reach the detector before the heavier particles. Equation (3.1.2.1) describes the 
kinetic energy (KE) o f the particle transversing the time o f flight tube:
3.1.3 QUADRUPOLE MASS SPECTROMETER
The Quadrupole Mass Spectrometer consists o f four metal rods. These four rods 
are arranged symmetrically and the opposite rods are electrically connected together. A 
radio frequency AC potential is applied to the two rod pairs. The applied voltage at the 
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transverse the length o f the quadrupole along the axis (z-axis) o f the quadrupole. The 
Quadrupole Mass Spectrometer is suitable for low mass compounds at a unit mass 
resolution.
3.2 PRINCIPLE OF QUADRUPOLE MASS SPECTROMETRY
The molecules in the gaseous sample need to be ionized first, before they can be 
analyzed. The ions can be produced by electron ionization (El), chemical ionization (Cl), 
and fast atom bombardment (FAB), plasma and laser desorbtions, and electrospray 
ionization, depending on the purpose o f the analysis. Chemical ionization, fast atom 
bombardment, plasma and laser desorbtions, and electrospray ionization are known as soft 
ionization methods because these methods produce stable product ions, which represent 
undisassociated sample molecules. The soft ionization methods are commonly used to 
ionize large molecules and for the purpose o f obtaining structural information (Chapman, 
1995). This study will not focus on soft ionization methods, but rather on a hard 
ionization method, which is electron impact ionization. This ionization method is 
commonly used in Quadrupole Mass Spectrometry.
The molecules in the sample are ionized by electrons. As the electrons move 
across the ionization chamber, the gaseous sample, at a very low pressure, flows into the 
ionization chamber and interacts with the beam o f electrons from the filament. This 
interaction between the electrons and molecules produce ions. (McLafferty, 1993). A 
small fraction o f molecules in the gaseous sample, about 1 in 10000, are ionized 
(Chapman, 1995). The non-ionized molecules are pumped away from the ionization 
chamber. The electron energy varies between 50 and 100 eV. Typical electron energy
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used in the Quadrupole Mass Spectrometer is 70 eV. The electron emission from the 
filament depends on the temperature o f the filament and the electron power supply. If  the 
power supply is fixed, the electron emission depends on temperature, therefore, the 
electron emission is controlled by temperature. The ionization chamber pressure is kept 
very low by a high-pumping-speed pump. The low pressure in the ionization chamber 
helps to maintain the life o f the filaments for a longer period o f time (Chapman, 1995). 
The high speed pumping, to keep a low pressure in the ionization region and the analyzer, 
is accomplished by a molecular turbo pump and rotary pump, in tandem.
The extractor and lens system withdraw, accelerate, and focus ions into the mass 
analyzer. The high potential applied to the extractor creates an electrostatic field, which 
moves the ions from the ionization chamber. The strength o f the electrostatic field 
depends on the potential difference between the extractor and the ionization chamber 
(ABB Extrel).
Ion currents are properly focused into the mass filter by the use o f the lens, after 
they are extracted. A good focusing o f the ion current into the mass filter increases the 
sensitivity o f the Mass Spectrometer.
3.2.1 MASS FILTER
The ions from the extractor and lens enter the mass filter, where the ions are 
filtered according to mass-charge-ratio (m/z) and the kinetic energy.
The quadrupole (mass filter) is made by using four rods, with the opposite rods 
being electrically connected. It has no magnetic component. The design o f the mass filter 
is based on the Mathieu equations. The Mathieu equation describes the trajectory o f ions,
26
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with mass-charge-ratio, through the mass filter in x and y  directions, perpendicular to the 
z-axis, the direction o f motion o f the ions (Jennings and Dolnikowski, 1990).
x and y are the distance from the center.
r0 = radius o f the circle, tangent to the four hyperbolic metal rods 
W = applied radio frequency 
M = mass 
U = dc voltage
VCos(Wt) = radio frequency voltage
The applied voltages affect the trajectory o f ions traveling through the mass filter. 
The value o f a and q determines if a particular ion o f a certain m/z will pass through the
Where
a  =  &e— 2W2 
Mra
And
q = Ae 2W1 
Mr
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mass filter. Using the Mathieu equation, a stability diagram is constructed to determine 
whether or not the ions’ oscillation was stable. When a given dc and r.f. voltages are 
applied to the mass filter, only ions o f a particular m/z will pass through the mass filter, 
and the rest o f the ions are lost, either by striking the rod or by passing through the space 
between adjacent rods.
The ion filtering process can be better explained by using the stability diagram 
(Figure 3.2.1.1). The diagram is divided into stable and unstable oscillation regions. For a 
particular value o f q and a, ions o f a particular m/z will successfully pass through the mass 
filter and strike the detector. For example, mass M, shown in the diagram, will reach the 
detector since it is within the stable region, while mass M2 will be lost, because its 
oscillation is unstable or it falls within the unstable region. Therefore, the mass filtering 
process depends on whether a particular ion with a certain m/z oscillation is stable or 
unstable in x and y directions. A certain number o f particles o f m/z will be able to reach 
the detector, while the rest o f the particles with a different m/z will collide with the rods 
and be removed.
3.2.2 RESOLUTION OF MS
Resolution is commonly defined as the ability o f the Mass Spectrometer to 
differentiate between closely related masses and resolution (R), as defined by the following 
equation 3 (Smith and Busch, 1999):
R = -*L (3)
AA/
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M  =  Mass o f a particle to be separated from the mass o f another particle 
o f M  + AM
AM  = The difference between the two masses that need to be separated 
In a Quadrupole Mass Spectrometer, AM  is fixed at a certain value.
3.2.3 DETECTORS
Detectors are used to detect ions that pass through the quadrupole. There are 
many types o f detectors. Some o f these detectors are electron multiplier, post­
acceleration detectors, and array detectors. The description o f each o f these detectors are 
found in numerous textbooks on Ion Mass Spectrometry. The description o f a Faraday 
Plate and electronic multiplier are in Section 3.4.2.3.
33  LSU-RKI MS-CEM EXTRACTION SAMPLING SYSTEM
The MS-CEM Organic Extraction Sampling System is used to extract sample gas 
from the stack to the analyzer. The Sample System is shown in Figure 3.3.1.1. The 
Sampling System includes a sampling probe, solenoid valve, vacuum pump, rotameter, 
particulate filter, and the dryer. Usually the stack sample gas contains water from the 
scrubber or water formed during the combustion process. This sample gas also contains 
many small particles. These are particles that were not removed in the baghouse.
The particulates and water need to be removed from the sample gas before the 
sample gas reaches the Mass Spectrometer, without removing the components 
that need to be analyzed.
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Figure 3.2.1.1 S tability Diagram (Chapm an. 1995)
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Figure 3.3.1.1 Organic Sampling System
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The probe is part o f the oxygen analyzer installed in the stack. The probe tip is in the 
middle o f the stack to obtain a representative sample. Condensation o f the stack gas, in the 
sampling line, is prevented by heating the sampling line. The sampling line is heated using 
the heat traced tubing. The line is always heated from the time the sample pump is turned 
on until it is turned off. The sampling line portion that is heated is between the stack and 
the dryer. The sampling line between the dryer and the Mass Spectrometer is not heated 
because the moisture in the sample gas has been removed in the dryer.
The particulates in the sample gas can create a problem for the whole MS-CEM 
system. The inlet to the Mass Spectrometer is made o f fused silica, which can easily be 
plugged. If  the fused silica is plugged, there will be no signal or a low intensity.
Therefore, the particulates in the sample gas from the stack are filtered using the 
particulate filters installed on the sampling line. Any o f these filters consist o f filter 
housing and filter element. The filter housing has a diameter head o f 1.5 inch and a 7.7 
inch long bowl. The filter element has a pore size o f 5 microns. Both the housing and the 
element are made o f SS316.
The rotameter is used to measure the sample gas flow rate, while the vacuum 
pump is used to transport the sample gas from the probe to the Mass Spectrometer.
3.3.2 MOISTURE REMOVAL SYSTEM
Most stack sample extraction systems include condensers. These condensers 
remove water vapor by condensing the moisture in the sample before the sample gas 
reaches the monitoring instrument. In the process o f condensing moisture in the sample
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gas, other pollutants, such as organic compounds and acids in the sample gas, are also 
condensed along with the water. Therefore, a  fraction o f most organics and the acids, 
such as HCL, do not reach the monitoring instrument. This problem leads to the 
inaccuracy o f  measuring total organics and acids. Since the main purpose o f designing 
and evaluating the MS-CEM was to measure organic compounds, it became necessary to 
use another method to remove water from the sample gas, before reaching the Mass 
Spectrometer and other analyzers. Therefore, a  Nation dryer is used as part o f the MS- 
CEM.
The amount o f each component o f  interest in the sample gas remains the same as 
before and after the sampling gas passes through the Nation dryer.
The driving force for the moisture removal in the Nation dryer is the partial 
pressure difference o f the water vapor between the purge air (instrument air) and the 
sample gas. As shown in Figure 3.3.2, the sample gas with the water vapor enters the 
Nation tubes (teflon) and the dry purge air flows outside the tubes carrying away the 
water vapor that permeates the tubes (EPA, 1992). The sample gas from the stack was 
continuously heated above the dew point, before entering the Nation dryer. The details o f 
the manufacturer’s specifications are described in Muthukrishna (1997).
3.4 M S-CEM  MASS SPECTRO M ETER
3.4.1 INTRODUCTION
The working principle o f mass spectrometry has been described in Chapter HI.
The MS-CEM includes the Mass Spectrometer. The Mass Spectrometer is the ABB
33
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Extrel Questor IV. The Questor IV includes hardware and application software, as 
described below.
3.4.2 HARDWARE
3.4.2.1 (1) Mass Filter
The mass filter is also called the mass analyzer. It is a quadrupole with 3/4 
inch rod size. It operates on a frequency o f 1.2 MHz and is capable o f 
analyzing components with a mass-charge ratio between 1 and 250 amu. It 
can monitor up to forty components in the gas sample on a real-time basis.
3.4.2.2 (2) Ionizer
The ionizer chamber is where the sample gas molecules from the stack are 
ionized before they can be separated or filtered, according to their 
respective mass-charge ratio, in the mass filter.
3.4.2.3 (3) Ion Detector
The Questor IV has two types o f ion detectors; (a) Faraday Plate and
(b)Electron Multiplier. The Faraday Plate can detect a concentration o f a 
component in the sample gas, between 10 ppm and 100 %. The Electron 
Multiplier is capable o f detecting each component in the sample gas as low 
as 10 parts per billion (ppb). The Electron Multiplier is used to detect ion 
signals for low concentrations o f a compound in the sample gas. It should 
not be used for a concentration greater than 100 ppm.
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3.4.2.4 Vacuum Chamber
The vacuum chamber consists o f a primary and secondary vacuum pump. 
The primary vacuum pump is a 55 liter/second molecular turbo pump. The 
secondary vacuum pump is a 1.4 CFM rotary vane pump. The vacuum 
chamber also contains a pressure monitoring gauge. The two pumps are 
connected in series to maintain a low vacuum (Iff* torr).
In addition to the mass filter, ionizer, detectors and vacuum chamber, the 
Mass Spectrometer contains electronics that control and operate the 
ionizer, lenses, mass filter and other parts o f the Questor IV.
The computer system is the front end o f the Questor IV, and it is the 
instrument control processor. The Questor IV has five operating modes 
and the instrument control processor switches between these modes. The 
first mode is the automatic mode. This mode allows the Questor IV Mass 
Spectrometer to analyze different sample streams by automatically 
changing valves, one after another, according to the program set-up 
instructions.
The second mode is the manual mode. In this mode, the Mass 
Spectrometer only analyzes one stream, using the specified methods. In 
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The third mode is the tune mode. This is an operating mode that allows a 
person to adjust the ion region voltages to optimize the Mass 
Spectrometer. Whenever the Mass Spectrometer is optimized, the peak 
height, shape, resolution, and mass position is maximized.
The fourth mode is the survey scan mode. This mode is also an operating 
mode. It allows a person to scan for different components, with m/z ratio 
versus intensities. This is a  quick method to use to identify components in 
the sample stream.
The fifth mode is download. In this mode, all the program set-up files that 
the Mass Spectrometer needs to run and analyze sample gases, are 
downloaded to the Mass Spectrometer. The sample gas is sent from the 
Host Personal Computer (PC) to the instrument control processor o f the 
Mass Spectrometer. The Host PC is a 486, which serves as a user interface 
with the Mass Spectrometer. The Host PC is used to set-up the program 
files, store the output data from the Mass Spectrometer, and for trouble­
shooting the Mass Spectrometer.
3.4.3 APPLICATION SOFTWARE USED TO COMPILE FILES NECESSARY FOR 
THE OPERATION OF THE MASS SPECTROMETER - QUESTOR IV
Application software, used for the analysis and operation o f the Mass
Spectrometer, is in the Host PC hard drive.
3.4.3.1 (1) Control Category
These software applications are divided into the following five categories:
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The instrument control enables the user to change operating modes o f the
Mass Spectrometer (Questor IV). These operating modes are:
(A) Manual - This mode is used to analyze one stream at a time. In the
manual mode, one must specify the method, the Host output, the
derive value, and the calibration file.
(B) Tune Mode - In this mode, the peak shape, height, resolution, and 
mass position are adjusted to obtain accurate measurement.
(C) Download Mode - This mode is used to transfer files from the Host 
PC to the Mass Spectrometer front end control processor.
(D) Survey Mode - This is a scan mode. In this mode, the Mass 
Spectrometer scans a mass range and the output results are m/z 
versus intensity.
(E) Sequence Mode - This is the mode in which the Mass Spectrometer 
automatically analyzes more than one stream at a particular time.
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This application displays the most recent 100 events that took place while 
the Mass Spectrometer was running. The event display allows a person to 
check if the Mass Spectrometer experiences any problems. For example, if 
the Host PC is not getting analysis data on a real-time basis from the Mass 
Spectrometer because the Host PC time is not synchronized with the Mass 
Spectrometer time, the event display will show that the Host PC’s time is 
off. It also shows how many seconds the Host PC’s time is different from 
the Mass Spectrometer’s time. The Mass Spectrometer time is based on 
Greenwich time. Apart from the diagnosis o f malfunction, the event 
display provides information about what is taking place, such as which 
valve the Mass Spectrometer is analyzing and calibration information, if it 
is in the operating mode.
Instrument Configuration
This software application allows a person to set the set-point temperatures 
for the ionizer and transfer line. The set-point temperature for the ionizer 
needs to be set between 125 and 300 degrees Celsius. The transfer line 
temperature needs to be set to prevent condensation o f components in the 
sample stream. This transfer line temperature should be lower than the 
ionizer. Instrument configuration software applications are also used to 
turn on and off the 24 volt power supply to the electronics, filament, and
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heater. This provides a power supply to the ionizer, transfer line heaters, 
and the ion gauge.
3.4.3.1.4 Instrument Status
The instrument status displays the operating status o f the Mass 
Spectrometer. This software application is used to observe the operating 
status o f  the Mass Spectrometer, such as the set-point temperature, the 
actual temperature, and the status o f  the operational parameters. 
Operational parameters, such as power, operation, sample flow, filament, 
vacuum, and temperature should show green when the Mass Spectrometer 
is running.
3.4.3.1.5 Host Communications
This application allows the Mass Spectrometer control processor and the 
Host PC to communicate with one another. The Host communication 
dialog box helps to diagnose problems with the Mass Spectrometer. It can 
also be used to reset the control processor.
3.4.3.1.6 Editor Category
This software application is used to create program files and edit program 
files for the Mass Spectrometer - Questor IV. It is also used to perform 
sample analysis. This category includes:
(A) Analysis Base Set-up
(B) Derive Editor - This manipulates the output data.
(C) Method Editor - This software is used to set-up calibration steps.
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(D) Host Output Editor - This is a set-up program used to tell the 
control processor the data that needs to be sent to the Host PC 
during the analysis o f the sample.
3.4.3.1.7 Data Category
This software application is used for data acquisition and display o f data. 
This category includes the analysis logger and analysis display. Details are 
in the ABB Extrel manual.
3.5 MASS SPECTRO M ETER - QUESTOR IV SET-UP
The Mass Spectrometer needs to be set-up properly and calibrated, in order to get 
accurate sample analysis. The set-up involves the use o f the application software 
described in section 3.4.3, to set-up the Mass Spectrometer to analyze the sample gas 
from the stack. The first thing to do is to identify components in the stack gas that needs 
to be analyzed. In this study, benzene, toluene, dichloroethylene, and trichloroethylene 
will be analyzed. The Questor IV library was checked to see if these four components 
were already in the library. Benzene, toluene, dichloroethylene, and trichloroethylene 
spectra were not in the Mass Spectrometer - Questor IV library. Therefore, the mass 
spectra for benzene, toluene, dichloroethylene, and trichloroethylene needs to be obtained 
from the literature or a reputable source.
3.5.1 MASS SPECTRA FOR EACH COMPONENT FOR ANALYSIS
The set-up o f  the Mass Spectrometer for the analysis o f specific compounds 
includes obtaining an accurate fragmentation spectra o f each compound that will be 
analyzed. This step is very important because the Mass Spectrometer operating software
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uses these fragmentation spectra to calculate the concentration o f each component o f 
interest in the sample stream.
The fragmentation spectra for benzene, toluene, trichloroethylene, and 
dichloroethylene were obtained from the Mass Spectrometer Data Centre, The Royal 
Society o f Chemistry (1983). These mass spectra include mass to charge ratios, spectra 
intensities, molecular weight, compound name, and the CAS number for each compound. 
The mass spectra for benzene, toluene, trichloroethylene, and dichloroethylene are listed in 
Tables 3.1, 3.2, 3.3, and 3.4, respectively.
The mass spectra o f each compound is then entered into the Mass Spectrometer 
library. The following procedure shows how to enter mass spectra into the Mass 
Spectrometer library:
(1) Go to miscellaneous group
(2) Open the component library by double clicking on the component library 
and the component library editor will appear
(3) Click on component and choose new, as shown in Figure 3.5.1.1. The new 
blank component editor template will appear.
(4) Enter the name o f the compound, IUPAC (International Union o f Pure and 
Applied Chemistry) (optional), sensitivity factor, molecular weight, and any 
remark.
(5) Choose the add button on the lower right- hand side o f the template.
(6) Enter the mass-charge-ratio (mix) and its corresponding intensity. Then 
enter the mass spectra, choose OK and the entry will be added to the list.
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(7) Continue to enter the mass spectra until the entire spectrum has been
entered.
(8) Click on Save As command from the component menu.
(9) Enter the component CAS number and click OK.
(10) If  the CAS number o f the component is unknown, save the file by using
any number or letter combination up to 15 characters.
An example o f the dialog box o f the component library editor is shown in Figure 3.5.1.1.
3.5.2 SAMPLE STREAM EVALUATION
After all o f the mass spectra has been entered into the component library, it is 
important to evaluate the sample stream to determine the best analysis mass to use for 
each component. The program called Stream Evaluation, included in the Questor IV 
Software, is used to evaluate each component for analysis.
Each molecule generates a mass spectrum that is specific to that molecule, when 
the molecule is ionized, as described in Chapter 3. Each molecule’s mass spectrum 
includes a molecular ion with the same mass-charge-ratio as the molecular weight o f the 
molecule that was ionized, and fragmented ions that break away from the molecules 
during the ionization process. These ions are selectively filtered through the mass filter 
and detected at the detector generating a mass spectrum with relative intensity o f each ion, 
relative to its base. Usually the base peak has the highest intensity and all other peak 
intensities are normalized, relative to the base peak and the base peak is normalized to 
100%.
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Table 3.2 Toluene Mass Spectrum
CAS 108-88-3
Name Methyl Benzene (Toluene)
IUPAC
Formula C7H8
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Figure 3.5.1.1 Component Editor
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Figures 3.5.2.1 through 3.5.2.3 show the relative intensity spectrum for a sample gas 
containing benzene, toluene, trichloroethylene, and dichloroethylene.
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Figure 3.5.2.1 Stream Evaluator - Dichloroethylene
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Figure 3.S.2.3 Stream Evaluator - Toluene
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3.5.3 TUNE
Once the analysis mass has been determined, it is necessary to tune the Mass 
Spectrometer for each component that needs to be analyzed. In the tune mode, the mass- 
charge-ratio for each component that needs to be analyzed must be specified, along with 
the appropriate pre-amp.
This is where the operator needs to tell the Mass Spectrometer the type o f  detector 
to use for each mass that needs to be analyzed. In this test, benzene, toluene, 
trichloroethylene, and dichloroethylene are the components that need to be analyzed. The 
masses for benzene, toluene, trichloroethylene, and dichloroethylene are 61, 78, 91, and 
95, respectively. Since the concentration o f  each o f these compounds is very low in the 
sample gas, the electron multiplier was selected as the detector for each o f the masses that 
need to be analyzed, as shown in Figure 3.5.3.1. The applied voltage and detector gain is 
specified for the Mass Spectrometer to use for the analysis.
The electronic multiplier gain is determined manually by measuring the intensity of 
C 0 2 in the instrument air, using the Faraday Plate detector, and also by measuring the 
same CO, intensity in the instrument air, using the electron multiplier. Then the multiplier 
gain is:
Gain = Intensity measured using multiplier/intensity measured using Faraday Plate 
The peak o f each mass is tuned by adjusting the applied voltage to the ion, ion region, and 
lenses, in order to obtain high intensity and good shape peaks.
The table on the right-side o f Figure 3.5.3.1 is used to adjust the resolution and mass 
position, to obtain a good tune for each mass that needs to be analyzed.
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Figure 3.53.1 Tune Control
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3 5 4 CALIBRATION
There are three types o f calibration that need to be performed, in order to obtain 





The purpose of this calibration is to remove the signal resulting from 
contaminants in the vacuum chamber from the measured signal. In order to 
correct a measured signal, a pure gas that is inert and non-reactive must be 
used. This type o f gas is usually called zero gas. The most common gases 
used for background calibration are N2 and Ar. The zero gas used should 
be the one that does not contribute any ion signal to the signal from the 
ions o f components being analyzed.
3 .5 .4 2 Fragment Calibration
There are many molecules in the sample gas. All o f these molecules 
fragment into different ions. The signal of these fragmented ions interfere 
with the measured signals o f interest. The fragmentation of these ions 
needs to be corrected. The fragment matrix can be used as an aid to 
determine the fragmented ion’s interference, during the analysis, with each 
mass to be analyzed (Figure 3.5.4.2.1).
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Benzene, which is analyzed as mass 78 and has a relative intensity o f 100, 
contributes an additional relative intensity o f 0.800 to mass 61 and 2.000 to 
mass 28. Dichloroethylene is analyzed at mass 61, then receives an 
additional 0.8000 relative intensity from benzene fragments. Toluene is 
analyzed at mass 91. It also contributes an additional relative intensity of
1.000 to mass 61 (dichloroethylene). Dichloroethylene contributes 3.000 
relative intensity to trichloroethylene at mass 95. The signal or relative 
intensity from benzene (mass 78) and toluene (mass 91) to dichloroethylene 
(mass 61) needs to be corrected by subtracting these relative intensities 
from the relative intensity o f  dichloroethylene. Also, relative intensity from 
dichloroethylene should be subtracted from the measured relative intensity 
o f trichloroethylene.
In order to correct these problems, the Mass Spectrometer must be 
calibrated by using the following binary mixtures in gas cylinders:
a) Argon and Benzene
b) Argon and Toluene
c) Argon and Dichloroethylene
However, these interferences are small and there was no money available to 
purchase these cylinders at the time o f the test.
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3.5.4.3 Sensitivity Calibration
The sensitivity o f  a component is known as the response factor. Different 
molecules, under the same conditions, ionize more easily than others, and 
as a result, a harder to ionize molecule gives a lower ion signal, as 
compared with molecules that ionize easily. Therefore, sensitivity 
calibration is performed to determine the sensitivity factor for each 
compound that needs to be analyzed.
These sensitivity factors use N2 as a reference. The N, sensitivity factor is 
1 (ABB Extrel Manual) and other component sensitivities are either greater 
than 1 or less than 1. The molecules that have molecular weights greater 
than 28, have sensitivity factors greater than 1. Molecules with molecular 
weights less than 28, have sensitivity factors less than 1. The sensitivity 
calibration for this test was performed using a mixture o f benzene, toluene, 
trichloroethylene, and dichloroethylene in N2. The concentration o f each o f 
these compounds is about 5 ppm. The Method Editor software application 
is used to perform calibrations as outlined in the ABB Extrel Manual and in 
Appendix A. The calibration o f the gas mixture and the zero gas are in a 
gas cylinder. The gas mixture cylinder was connected to valve number 16 
o f  the Mass Spectrometer and the Argon, zero gas cylinder was connected 
to the number 3 valve.
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Figure 3.5.4.2.1 Fragment Matrix 
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CHAPTER 4
EVALUATION OF THE MASS SPECTROMETER-BASED CONTINUOUS
EMISSION MONITOR
4.1 INTRODUCTION
The Mass Spectrometer-Based Continuous Emission Monitor (MS-CEM) was 
tested to determine the ability o f the MS-CEM to detect and quantify continuously each 
organic compound present in the flue gas from the combustion devices. These 
combustion devices include incinerators, boilers, industrial furnaces, cement kilns, and 
light kiln aggregates. All o f  these combustion devices are used to bum fuel for energy 
usage and hazardous waste and when doing so emit products o f incomplete combustion 
(PIC’s) as discussed in Chapter I.
To simulate exactly what happens in the industries that bum hazardous waste in 
the combustion devices, the MS-CEM is connected to the stack o f the pilot-scale rotary 
kiln incinerator. The pilot-scale rotary kiln incinerator (RKI) includes a rotary kiln, 
secondary oxidation chamber, boiler, baghouse, scrubber, and I.D. fan. The RKI has CO, 
C 0 2 THC, O, and 0 2 continuous emission analyzers. These analyzers share the same 
sampling system with the MS-CEM. CO, C 02, and THC are extractive analyzers and the 
0 2 is an insitu analyzer. The Sampling System for the MS-CEM and the above analyzers 
is illustrated in Figure 4.1.1.
The calibration gas, used to calibrate the MS-CEM, was bought from Matheson 
Specialty Gas. The gas cylinder contains benzene, toluene, trichloroethylene, 
dichloroethylene, and balance nitrogen.
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Figure 4.1.1 Organic Sampling System
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The plan to use Volatile Organic Sample Train (VOST), EPA Sample Method was not 
possible due to the fact that VOST method results accuracy varies widely. According to 
the VOST method (EPA Method 0030, SW 846), the performance o f  GC/MS can be 
checked by spiking the Principal Organic Constituents (POHCs) on to the traps and 
perform analysis o f  the POHCs. If  the analytical results o f  the replicate pairs o f traps 
fall between 50 % and 150% o f the actual values o f the POHCs spiked onto the trap, the 
GC/MS performance is acceptable. Therefore it will be very hard to compare MS-CEM 
results with the VOST- GC/MS analytical values. In addition, the required amount o f 
money needed to carry out the stack sample analysis, using the MS-CEM, and 
simultaneously run VOST, and transport VOST sample to a certified lab for analysis, was 
for more than the research money available to the pilot-scale rotary kiln incinerator facility. 
Therefore, the MS- CEM was evaluated using material balance based on the amount o f 
organic injection, and the use o f  certified calibration gas, to calibrate the MS-CEM.
4.2 METHODS AND MATERIAL
4.2.1 INJECTION OF THE ORGANIC MIXTURE INTO THE BAGHOUSE INLET
A mixture o f organic compounds containing benzene, toluene, trichloroethylene, 
and dichloroethylene was made using a graduated cylinder. The volume ratio of each 
compound was 1:1:1:1: for benzene, toluene, trichloroethylene, and dichloroethylene, 
respectively.
A syringe injection pump was used to inject the organic mixture into the bag ho use 
inlet. The injection pump was first calibrated for the flow rate o f  liquid at different speeds. 
The calibration was performed by filling a 50 ml syringe with 50 ml o f  water and the
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syringe was then mounted on the pump. The pump was turned on at time, t=0, and the 
pump was turned off at time, t=T. The injection rate then was determined as follows: 
Injection rate = amount o f water in the syringe (t=0)- (amount o f  water in the 
syringe(t=T)/time(T). This procedure was repeated for different pump speeds.
The MS-CEM was calibrated using the certified calibration gas as described in 
Chapter III. After the MS-CEM was calibrated, the MS-CEM was used to analyze the 
certified calibration gas as a sample gas. The result o f  this analysis was 0.0005% (5 ppm) 
for benzene, toluene, trichloroethylene, and dichloroethylene, which is the same 
concentration for each o f these compounds in the certified calibration gas cylinder.
After equipment calibration, the pilot-scale incinerator was turned on and run cold 
(no gas burner was on but with the I.D. fan was running). The 50 ml syringe was filled 
with the mixture o f the organic compound containing equal parts o f benzene, toluene, 
trichloroethylene, and dichloroethylene, and mounted on the injection pump. The pump 
was placed on the platform near the baghouse inlet damper. The injection pump was 
positioned so that the syringe needle head was at the center o f the baghouse inlet duct.
Finally, all o f the MS-CEM components were checked and turned on, and then the 
injection pump was turned on. The stack gas velocity was continually recorded on the 
pilot-scale incinerator DAQ. The MS-CEM measured and recorded the concentration o f 
benzene, toluene, trichloroethylene, and dichloroethylene in the stack, every second.
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4.2.2 SAMPLING LINE INJECTION
Another experiment was carried out to further evaluate the MS-CEM accuracy by 
injecting a mixture o f organic compounds into the sampling line. There is a separate 
sampling line from a wood-burning stove that connects to the sampling line from the pilot- 
scale rotary kiln incinerator stack. However, the two sampling lines have the same 
vacuum pump, rotameter, and Nafion dryer.
The mixture o f organic compounds was made, which consisted o f  benzene, 
toluene, trichloroethylene, and dichloroethylene. Ten milliliter (ml) o f each o f these 
compounds was measured before mixing them together. The mass fraction and the mole 
fraction o f each component in the mixture, was calculated and recorded.
A 10 ml syringe was used to instantaneously inject 5 ml o f the mixture o f the 
organic compounds into the sampling line, through a flexible polyethylene tube, connected 
to the sampling line. The instrument air was continuously flowing at 5 liters/minute (0.20 
moles/minute @ 298 K) through the sampling line during the time o f  the impulse injection 
experiment. The flow rate to the MS-CEM was continuously monitored and the 
concentration o f each organic compound was continuously measured and recorded by the 
MS-CEM. The experiment was repeated two more times. The experimental results are 
shown in Section 4.3.
4.3 RESULTS AND DISCUSSION OF RESULTS
4.3.1 BAGHOUSE INJECTION
The purpose o f this experiment was to determine the accuracy o f the MS-CEM.
To do this, the amount injected, as discussed in Section 4.1, was calculated for each
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compound injected into the baghouse inlet. The total amount o f  moles injected was 
calculated using the injection pump rate and the length o f  time it takes the pump to inject 
the mixture into the baghouse inlet.
Pump injection rate =2290 ml/hr (0.636ml/s) mixture o f  benzene, toluene, 
trichloroethylene, and dichloroethylene. The injection rate o f  each component = 
0.159ml/s.
The total mole o f  each organic component injected was calculated. For example, 
the total moles o f benzene injected into the baghouse inlet is calculated a follows:
Benzene density = 0.879 g/ml (Perry, Chemical Engineering Handbook, 5* Ed.)
Molecular weight = 78.1
Molar flow rate = 0.159 ml/sec x 0.879 g/ml x mol/78, lg
The molar flow rate o f  the stack gas was then calculated using the stack gas 
velocity (1340 m/min) and the stack diameter ( 0.279 m) as follows:
= 0.00179 mol/s
Stack gas molar flow rate =
1 mole
0.0224/w3 / v. 273KJ
Where
D = stack diameter (m)
V = Stack gas velocity (m/min)
Stack molar flow rate= K
4 0.02241 273K )  60s
1 mole f 298X^1 1 min
= 67 moles/s
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Table 4.2.2.1 Weight and Weight Fractions of the Organic Liquid Measure
Components Total Organic 




T richloroethylene 131.4 0.299
Dichloroethylene 96.9 0.157
Table 4.2.2.2 Mole of each Organic Compound in the Mixture Injected into
the Instrument Air Flowing Through the Sampling Line: Run 1 through 3.
Run 1 Total weight injected - 0.427 g





Benzene 78.1 0.162 0.069 0.00089
Toluene 92.1 0.186 0.079 0.00086
T richloroethylene 131.4 0.299 0.128 0.00097
Dichloroethylene 96.9 0.157 0.067 0.00069
Total 0.427 0.00415
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Benzene 78.1 0.162 0.079 0.00101
Toluene 92.1 0.186 0.091 0.00099
T richloroethylene 131.4 0.299 0.146 0.0011
Dichloroethylene 96.9 0.157 0.077 0.00079
Total 0.488 0.0047
Table 4.2.2.4






Benzene 78.1 0.162 0.023 0.00031
Toluene 92.1 0.186 0.027 0.00030
T richloroethylene 131.4 0.299 0.044 0.00033
Dich loroethy lene 96.9 0.157 0.023 0.00024
Total 0.147 0.0014
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The expected moles fraction o f  each component injected into the baghouse inlet can be 
calculated using the stack molar flow rate and the amount o f each component injected. For 
example:
Q.0Q\19moles /  s
Expected benzene mole fraction = ----—r----- :— ;------
67moles / s
=2.7x10 s
The amount o f toluene, trichloroethylene, and dichloroethylene injected was calculated 
following the same procedure. The expected mole fraction each component is shown in 
Table 4.3.1.1. The MS-CEM output concentration, measured continuously versus time, 
for each component, was plotted as shown in figures 4.3.1.1 through 4..3.1.3.
The average concentration o f  the three runs is compared with the expected 
concentration, based on the amount injected. The percentage differences are, 0.0%, 21%, 
19%, and 15% for toluene, dichloroethylene, trichloroethylene, and benzene, 
respectively, as shown in Table 4.3.1.3 The percentage differences may be due to a 
combination o f many things, including human error. There may be an error when making 
the mixture o f the organic compound. The actual amount o f  each component may be a 
little different from what was measured. Error may be due to the fact that many o f these 
compounds are very volatile and they evaporate easily into the atmosphere.
66
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4.3.2 SAMPLING LINE INJECTION
The amount o f  each organic compound injected into the sampling line, for each 
run, was calculated and shown in Tables 4.2.2.1 through 4.2.2.4.
The results o f the sampling line injection obtained from the MS-CEM, are shown 
in Figure 4.3.2.1 through 4.3.2.3, which are the result o f Run 1, Run 2, and Run 3, 
respectively.
The total amount o f  each component detected was calculated as the area under the 
curve. The area under the curve was calculated by using equation (1)
C, = concentration 
N = total time 
Q = molar flow rate
The flow rate o f  the instrument air through the sampling line was 5 liters/min. This 
represents a molar flow rate o f  0.20 moles/min @ 298° K as shown in Table 4.3.2.1 
through 4.3.2.3.
The amount o f  each component injected into the sampling line and the amount detected 
and quantified by the MS-CEM were compared. The results are shown in Tables 4.3.2.4. 
The percentage difference between the amount injected and the amount measured are 
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Table 4.3.1.1












Benzene 0.159 0.879 0.140 78.1 0.001179 2.7E-05
Toluene 0.159 0.866 0.138 92.1 0.00150 2.2E-05
Dichloroethylene 0.159 1.201 0.191 97 0.00197 2.9E-05
T richloroethylene 0.159 1.465 0.233 131.4 0.00177 2.6E-05
Table 4.3.1.2
Moles Fraction o f Each Components in the Stack Measured Using MS-CEM
Components Run 1 Run 2 Run 3 Average
Benzene 2.2E-05 2.4E-05 2.3E-05 2.3E-05
Toluene 2. IE-05 2.3E-05 2.3E-05 2.2E-05
Dichloroethylene 2.3E-05 2.3E-05 2.2E-05 2.3E-05
T richloroethylene 2.1E-05 2.2E-05 2.1E-05 2.1E-05
Table 4.3.I.3







Benzene 2.7E-05 2.3E-05 4.0E-6 15
Toluene 2.2E-05 2.2E-05 0.0 0.0
Dichloroethylene 2.9E-05 2.3E-05 6.0E-06 21
T richloroethylene 2.6E-5 2. IE-05 2.2E-06 19
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The reason for the difference between the amount injected into sampling line and 
the amount measured using the MS-CEM are:
•  The amount o f each component injected might have not completely 
evaporated into the flowing instrument air.
•  The error due to the incorrect instrument air flow rate measurement.
•  The error due to fragment interference among the components.




E C i Molar Flow Rate 
(Mol/Min)
Total Moles MS- 
CEM Detected
Benzene 2.15 0.0017 0.20 0.00074
Toluene 2.70 0.0014 0.20 0.00074
T rich loroethy lene 2.30 0.0019 0.20 0.00087









Total Moles MS- 
CEM Detected
Benzene 2.79 0.0017 0.20 0.00095
Toluene 3.20 0.00136 0.20 0.00090
Trich loroethy lene 2.56 0.0018 0.20 0.00092
Dich loroethy lene 2.61 0.00131 0.20 0.00068
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Total Moles MS- 
CEM Detected
Benzene 2.07 0.00064 0.20 0.00026
Toluene 2.55 0.00053 0.20 0.00027
Trichloroethylene 1.86 0.00070 0.20 0.00026
Dichloroethylene 1.79 0.00048 0.20 0.00017
Table 4.3.2.4 Sampling Line Injection Accuracy







Benzene 0.00073 0.00065 0.00008 11
Toluene 0.00072 0.00065 0.00007 10
T richloroethylene 0.00080 0.00067 0.00013 16
Dich loroethy lene 0.00057 0.00049 0.00008 14
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The response o f the MS-CEM to the injection o f the organic mixture needs to be 
determined. According to EPA 40, CFR 266, Appendix IX, the requirement for CEM’s 
is that every CEM must have a response time o f two minutes for any perturb step change. 
The injection o f the organic mixture into the baghouse inlet, using a syringe mounted on 
an injection pump, was step change perturbation. The time between the start o f the step 
change and the time the MS-CEM output valve reached 95 percent o f the final value, must 
be equal to, or less than two minutes, as stated above. The response curves versus time, 
for each o f the organic components, was plotted for all o f the three runs. These response 
curves are shown in Figures 4.3.3.1 through 4.3.3.3, for Run 1, Run 2, and Run 3.
The response time for each component, at each run, and the average, is shown in 
Table 4.3.3.1. The response time in Table 4.3.3.1 is obtained from the curves in Figures
4.3.3.1 through 4.3.3.3. According to the regulations, the measured concentration is to be 
used in the final value, or the expected value. Therefore, the response time was 
determined from each response curve by using t=0 and t at which the concentration is 95 
percent o f the expected value. The average time for each component is less than two 
minutes. Therefore, the MS-CEM has met the response time requirements in EPA 40, 
CFR 266, Appendix IX.
The response time varies from one component to another. The variance is due to 
vapor pressure differences. Some components, such as dichloroethylene, vaporize easily 
and quickly into the bulk gas stream, as compared with toluene. Dichloroethylene’s vapor
77
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pressure is 200 mmHg,.and toluene’s vapor pressure is 30 mmHg. It takes more time for 
toluene to evaporate into bulk gas than the other components. As a result, it has the 
largest response time. Trichloroethylene and benzene also demonstrate that a higher 
vapor pressure lowers the response time. Table 4.3.3.2 shows the average response times 
and vapor pressure o f each component.
Table 4.3.3.1 Response Time
Benzene Toluene Trichloroethylene Dichloroethyleae
Run 1 13 1.6 13 1.1
Run 2 1.1 13 1.1 1.1
Run 3 13 1.7 1.6 13
Average 13 13 13 1.1
Table 4.33.2 Vapor Pressure Versus Average Response Time
Component Vapor Pressure (mmHg.)(@ 
25-C







Calibration drift is the measure o f the Continuous Emission Monitor’s (CEM) 
stability. The requirement is that the CEMs should be calibrated and operated 
continuously, for at least seven days without maintenance, and the calibration gas 
measured and the concentration recorded. Calibration Drift (CD) is calculated as follows:
78
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CD = (Cem-Rv)/Rv 
Rv = calibration gas 
Cem = MS-CEM measured value.
The calibration gas in the calibration cylinder is analyzed using the MS-CEM and 
the results are compared with the reference value (concentration o f each component in the 
cylinder). These values are shown in Table 4.3.4.1.
The CD must be less than five percent o f the span value but MS-CEM is capable 
o f measuring between low parts per billion (pbb) and more than 20 percent concentration. 
However, the calibration drift in this experiment was zero, as shown in Table 4.3.4.1.







T rich loroethylene 0.0005 0.0005
Dichloroethylene 0.0005 0.0005
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CHAPTER 5
MODELING OF NON-IDEAL FLOW USING MASS SPECTROMETER-BASED 
CONTINUOUS EMISSION MONITOR FOR ORGANIC COMPOUNDS
5.1 INTRODUCTION
It is very important to identify and characterize the pilot-scale incinerator, using a 
residence time distribution, or exit age distribution. Models o f the pilot-scale incinerator 
will aid in diagnosing the flow pattern and identifying factors responsible for products o f 
incomplete combustion (PICs) formation in the combustion chamber. The MS-CEM is a 
powerful tool to use in accomplishing this task o f characterizing the pilot-scale incinerator.
There are methods that can be used to characterize the pilot-scale. The experiment 
method involves the disturbance o f the system and measures the response o f the system to 
the stimulus. In this experiment the MS-CEM was used to measure the system response. 
The response o f the system is plotted to generate response curves. The type o f response 
curve generated depends on the type o f disturbance or stimulus. If we disturb the system 
by injecting a step input o f tracer o f concentration C0 in fluid stream entering into the 
system, and the concentration o f the outlet is continuously plotted at C(t)/C0 versus time, 
we get an F curve. If  a tracer, concentration C0, is instantaneously (pulse) injected into 
the fluid entering the system and the exit fluid from the system is continuously monitored, 
the normalized response is called C curve.
The shapes o f F curves, used to diagnose flow patterns in the reactor (Danckwerts, 
1953.), indicate different flow patterns. These flow patterns are shown in Figures 5 .1.1 
through 5.1.4, taken from Danckwerts. Piston flow in Figure 5.1.1 indicates that all
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molecules have the same resident time. This is an ideal situation. In a non-ideal situation, 
molecules flowing through a system have different resident times. Figure 5.1.2 shows the 
departure from piston flow due to longitudinal mixing. Figure 5.1.3 shows a perfect 
mixing o f the molecules. Figure 5.1.4 indicates channeling or dead water and suggests 
that a  large fraction o f the fluid is trapped and spends more time in the system than the 
average resident time.
IF
In order to model the pilot-scale incinerator, each component o f the incinerator 
needs to be isolated as an individual unit. These units are the rotary lriln, secondary 
oxidation chamber, boiler, baghouse, wet scrubber, sampling system, and the piping that 
connects them. The models are often a reasonable approximation to the real vessel. The 
best fit can be determined by comparing the F curve for the real vessel with the theoretical 
curves for various combinations o f compartments and through flow.
The models may be used to diagnose problems with the flow through the vessel 
(reactor or combustion chamber). There are various flow patterns with different fruity 
flow, described by Levenspiel (1999). E curve or F curve data, obtained by injecting a 
tracer into the vessel, can be used to fit a  particular modeL The F curves can then be
H
F lo u r*  8.1.1 FlginS.1 j  Flow* S. 1 .3  Flgur* 9.1.4
Shapes of F-Curves for Different Flow Patterns
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compared with the theoretical model, and the faulty problem with the flow through the 
vessel can be determined.
5.2 A NON-IDEAL FLOW  MODELING
The pilot-scale incinerator can be modeled as a  time-invariant linear system. The 
input and output are time dependent and can be represented as shown in Figure 5.2.1.
When a non-reacting mixture o f compounds is injected into the flowing fluid in a 
vessel, and the concentration o f the non-reacting mixture compound is measured 
continuously, downstream from the injection point until the concentration o f the mixture is 
almost zero, the output concentration measured can be related to the input by using 
convolution integral (Fogler, 1992).
tf  = the times it takes a molecule to transverse the vessel from entrance to exit
C(t) = concentration o f the non-reacting mixture compound in the fluid down 
stream from the injection point
CQ(t) = concentration o f the non-reacting compound in the fluid at the point o f the 
injection
h(t) = response function
C .(t) >  C(t)
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This equation can be written in convolution integral as follows:
C(/)=C„(/)»A(/)=A(0*C„(/) (4)
The convolution integral method can be used to model non-ideal flow through a series o f 
process units, such as a rotary kiln incinerator. A rotary kiln incinerator consists o f a 
rotary kiln, secondary oxidizer chamber, and pollution control equipment. If  a tracer 
concentration (C0), is instantaneously injected into a flowing fluid at t=0, into the rotary 
kiln, and hR,hs ,andhA are the pulse response functions for the rotary kiln, secondary
combustion chamber, and air pollution control equipment, respectfully, and if  response 
functions hR, hs ,andhA ,  are known, then the output concentration can be determined
as follows:
CR(t) = Co *hr (»  (5) 
c s 0 )  = c R 0 ) * h s (t) (6)
c! , r cs ^ ' hA<' ) <7>
Therefore,
c (.‘) = c A‘)* h*(, )* hs(l )* hA‘) (g)
Equation 8 can be used to model the LSU pilot-scale rotary kiln incinerator.
I f  the response function o f one is unknown, the unknown can be determined by 
deconvolution.
5.3 MODELING OF NON-IDEAL FLOW IN A PILOT-SCALE ROTARY 
KILN INCINERATOR
The pilot-scale rotary kiln incinerator consists o f the rotary kiln, secondary 
oxidation chamber, a boiler, baghouse and wet scrubber, I.D. fan, and Mass Spectrometer-
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Based Continuous Emission Monitor (MS-CEM), with the respective connecting piping. 
In Figure 5.3.1, the response functions are designated as
(0* (*)’ (O’ ^ bh (t) ,hrD, hCEM (0
to represent rotary kiln, secondary oxidation chamber, boiler, baghouse, wet scrubber,





Figure 53.1 LSU Pilot-Scale Rotary Kiln Incinerator
If a tracer or non-reacting mixture compound with concentration, C0 , is injected
at the rotary kiln feed end instantaneously (pulse input), and the concentration, C(t) ,
exiting the stack from the wet scrubber is continuously measured using the MS-CEM, the 
concentration, C(t) , can be represented with the equation: (9)
C(t)=Ca *hK(t)*hs(t)*hb(t)*hJt)*hm(t)*hJt)*hCEU(t) (9)
Each response function can be determined by isolating individual components o f 
the rotary kiln incinerator. For example, a baghouse, I.D. fan and MS-CEM can be 
isolated so that the response function can be determined separately and can be treated as
one process system, as shown in Figure 5.3.3. One-shot tracer o f concentration ^ C jin to
the baghouse inlet produces pulse response function in equation 10.
88
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< * ) = C.( ') * U ') * M ') * * < ~ ( ')  d o )
The pulse response function for Figure S.3.3 is:
(11)
Again, the I.D. fan and the MS-CEM can also be isolated to determine the response 
function by injecting a tracer instantaneously into the I.D. fan inlet and measuring the 
concentration, as shown in Figure 5.3.4.
c j (.«>
cc*>
Figure 5J .2  Baghouse, ID Fan and MS-CEM System
c.co B>l c<o
Figure 5 J J  ID Fan and MS-CEM System
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Finally, the MS-CEM response function can be determined by injecting one-shot 
tracer into the MS-CEM inlet and measuring the concentration versus time. The response 
function for the MS-CEM is represented in equation (13):
~ = ' W ' )  03)
5.4 RESPONSE FUNCTION DETERMINATION METHODS
The response function h{t) , which is equivalent to E{t) and , F(J)  is given by
equation 15 (LevenspieL, 1972). The response function is determined by performing non­
ideal flow modeling.
F ( t ) = l E ( t ) d t  (14)
~ T ^ ~ = E(t)  (15)dt
There are two main models that can be used to determine response functions.
1. Dispersion Model
2. Tanks-in-series
The choice o f a model to use depends on whether the flow is plug, mixed, or in between 
(LevenspieL, 1999).
5.4.1 DISPERSION MODEL
The dispersion model depends on the type o f vessel the fluid is flowing through. 
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The dispersion model is based on the spread o f the mixture o f  non-reacting 
compounds and the tracer injected into the flowing fluid, as the fluid passes through the 
vessel. The extent or degree o f the spread o f tracer in the vessel is described by the 
dispersion coefficient D [=] m2/s, the length o f the vessel, and the average velocity o f the
fluid through the vessel These factors are related by the use o f Pec let number ( Pe ) :
(1 6 )P e - -
b m  ( 1 7 )
D = Dispersion 
U = Average velocity 
L = Length o f the vessel
D
—— describes the characteristics o f the spread in the whole vessel. I f  the dispersion
C/x>
coefficient (D) is large, it signifies rapid spreading o f the tracer curve and if the (D) value 
is low, it means slow spreading o f the tracer. But if (D) = 0, there is no spreading, and if
D
there is no spreading, it is a plug flow (Levenspiel, 1999). When —— < 0 .0 1 , the
ULt
extent o f dispersion is small. I f - ^ -  > 0.01, the extent o f dispersion is large.
The equation for this small extent o f dispersion is: (Levenspiel 1999)
E(0) = t • E(t) = C (/) =
W )
exp ( ■ - O '
<£) (18)
E(t)  is equivalent to h(t)
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Where C  = normalized concentration 
t
0 = — - normalized time 
t
t = mean residence time
The above equation represents a symmetrical curve resulting from delta function tracer or
non-reacting mixture input into the fluid flowing in a vessel.
Figure 5.4.2 gives a large extent o f dispersion and it shows a broad curve and the
E curve as non-symmetric. For a large extent o f dispersion, many factors come into play,
such as types o f boundary conditions (entrance and exit o f the vessel). These boundary
conditions depend on whether the flow system is closed or open.
In the closed flow system, the pattern between the injection point and the
measurement points are not disturbed. I f  a tracer is injected into a closed system, as
D
shown in Figure 5.4.1, the response curves for various values o f —— , are shown in
CJ Lt
D
Figure 5.4.2. The extent o f dispersion increases as —— increases, as shown in Figure
CJ La
5.4.2. There is no equation to describe these curves shown in Figure 5.4.2. The analytical 
expression for these sets o f curves is very complex, as compared with the open vessel 
model.
'  . t' , ‘ "  ‘ M onito ring  I’o in t
Figure 5.4.1 Closed Flow System
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18384820
 ^- 0.01 uL
This curve is close 
to symmetries!
For smaller OfaL 
you can use the 
'Small deviation' 
assumption and 
Eq. 1 (see previous 
section)0.05/i
X -  a.
7 ~ V
Figure 5.4.2 Pulse Response for Closed Vessels and Large Deviation
(Levenspiel, 1999)
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Open Vessel
In the open vessel, as shown in Figure 5.4.3, the curve is different from the closed 
vessel model, for unit impulse. The equation for these curves, for unit impulse input is 
shown below: (Levenspiel, 1999)
5.4.2 TANKS-IN-SERIES MODEL
Tanks-in-series model can be used to fit experimental data to process vessel-in- 
series, such as a rotary kiln incinerator.
If a tracer with concentration, Ca, and volume, V 1, is instantaneously injected
into a mixed tank o f volume, V, with a steady state flow o f, Q[=] m3/s, at time zero; then 
the tracer mass balance over the tank is given as follows:
E 1 (I- * ) 2 
e x p  ~ — T d \
t
C l y - C ( t ) Q = ^ { C V )
c y  =  ccv
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dC d Vc y - c ( t ) Q - v - , c ^
d V
dt
=  o steady state flo w
dC  w  x 
V — +QC(t)=C0V 
divide by V 
dC Q , x 
' ^ ' + 7 C (, ) = C»
C .
Where T  = —  = Time Constant
Q
If  the input is written as 71C7 <?(f) , then the output will be equal to TC0 ,
multiplied by the impulse response function E(t)  (Sterling).
Then
C{t) = C0e~r = TCaE{t) . . . . .
Fromwhich
E( > ) = y ' f
Step response function, F{t)  , is the integral o f E{t)  :
t_
= -e T\ta = -e T + 1
F (/)=  1- e~T
c o )  4  
T ~ = l ~ eo
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In jection  P oint M onitoring P o in t
Figure 5.4.3 Open Flow System
Step input at t=0 into tanks-in-series (Levenspiel, 1999) gives the following 
equation:
H t )  = ~ =  l - e - i am (Nf f )2 (Ue>)X''l + m +  2 ! + ( v r o r + - -
For impulse input at t=0
C(t) = TE(t) =
'o
f t ]  
77 e T
N = Number o f tanks
5.5 FACILITY DESCRIPTION AND EXPERIMENTAL PROCEDURE
The pilot-scale rotary kiln incinerator consists o f a rotary kiln, secondary oxidation 
chamber (after burner), waste heat boiler, baghouse, wet scrubber, I.D. fan, and stack. It 
has a 2 million BTU/hour capacity. The rotary kiln is 31 inches (inside diameter) and 91 
inches long (4.0 cubic feet), and the secondary combustion chamber is 6 cubic feet. The 
baghouse has 25 bags. The bags are made o f  Nomex felt. The wet scrubber is 20 inches 
(inside diameter), with a packing height o f 52 inches and packing size is 1 inch. The 
packing material is Tellerettes. The Induced Draft fen has a maximum o f 1600 CFM and 
is driven by a 7.5 horsepower (hp) motor.
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The Mass Spectrometer-Based Continuous Emission Monitor (MS-CEM) consists 
o f probe, heat traced sampling line, vacuum pump, particle filter, Nation flue gas dryer, 
and Quadrupole Mass Spectrometer. The MS-CEM is described in detail in Chapter 3.
5.5.1 EXPERIMENTAL PROCEDURE
The purpose o f this experiment is to determine the response function for the 
pilot-scale incinerator. A step input into the baghouse, o f the organic mixture containing, 
benzene, toluene, dichloroethylene and trichloroethylene, was used in this experiment.
The response to the step input was obtained by measuring the concentration o f each 
organic component in the stack gas using the MS-CEM.
5.5.1.1 Description o f Procedures for the Baghouse Injection.
The following procedure was performed to obtain the response functions:
1. First the Pilot-Scale Incinerater was run cold (no gas burner was on), 
with the induced fan running.
2. The compressor and the instrument air dryer were turned on.
3. The Mass Spectrometer was set-up and calibrated.
4. The sampling pump and the Nafion dryer were turned on.
5. Equal volumes o f benzene, toluene, dichloroethylene and 
trichloroethylene were measured and mixed together in a beaker.
6. The organic mixture was withdrawn, using a 50 ml syringe, and was 
then mounted on the injection pump. The expected concentration o f 
each organic compound in the stack gas was calculated. The 
calculation is shown in Table 5.5.1.1.1 below.
97
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 5.5.1.1.1 Expected Concentration Calculations From the Bughouse 
Injection
CwpW IH tt ■0/sec deasity
(CM )




g u l l  1 fill
fractiea
B cm — 0.199 0J79 0.140 78.1 0.001179 2.7E-09
Tolacac 0.199 O J tt 0.138 92.1 0.00190 2 2 E 4 9
Dfchloro-
etkyteae
0.199 1J0I 0.191 97 0.00197 2.9E-05
Trichloro-
ethyleae
0.199 1.409 0.233 0.00177 0.00177 2.6E-09
5.5.1.2 Sampling Line Injection Using Instrument Air
In order to simulate upset conditions in the combustion devices (impulse test), an 
organic mixture was instantaneously injected into the sampling line as described below.
A benzene, toluene, dichloroethylene, and trichloroethylene liquid mixture was 
made by measuring 10 ml o f each organic compound and poured into a pre-weighed 
beaker. When 10 ml o f each component was poured into the beaker, the beaker and its 
content was weighed. The procedure was repeated until all four organic compounds were 
poured into the beaker. The total weight o f the organic liquid mixture and the individual 
weight o f each organic compound were used to calculate the weight fraction o f each 
organic compound in the mixture, as shown in Table 5.5.1.2.1 The Mass Spectrometer 
was then set-up to respond, detect, and quantify concentrations o f benzene, toluene, 
dichloroethylene, and trichloroethylene. The instrument air pressure o f 20 psi was used as 
a fluid for the MS-CEM.
A 10 ml syringe was used to withdraw 5 ml o f organic liquid mixture and injected 
into the instrument air flowing through the sampling line, as shown in Figure 5.5.1.2.1.
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The sample flow rate was monitored throughout the test. The amount o f liquid mixture 
injected and the weight fraction were used to calculate the moles o f benzene, toluene, 
dichloroethylene, and trichloroethylene, as shown in Tables 5.5.1.2.2 through 5.5.1.2.4. 
The concentration o f each organic component was continuously monitored, using the MS 
CEM.
Table 5.5.1.2.1 Weight and Mole Fractions of the Organic Liquid Mixture







Benzene 78.1 0.162 0.104
Toluene 92.1 0.186 0.0101
T richloroethylene 131.4 0.299 0.114
Dich loroethy lene 96.9 0.157 0.0809
Total 1.000 0.486
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Table 5.5.1.2.2 Mole o f each organic compound in the mixture injected into
the instrument air flowing through the sampling line 









Benzene 78.1 0.162 0.069 0.000886
Toluene 92.1 0.186 0.079 0.000862
T richloroethy lene 131.4 0.299 0.128 0.00097
Dich loroet hy lene 96.9 0.157 0.067 0.000692
Total 0.427 0.00415
Table 5.5.1.2.3








Benzene 78.1 0.162 0.079056 0.001015
Toluene 92.1 0.186 0.090768 0.000986
T rich loroethy lene 131.4 0.299 0.145912 0.001114
Dich loroethy lene 96.9 0.157 0.076616 0.000791
Total 0.487512 0.00474
Table 5.5.1.2.4








Benzene 78.1 0.162 0.023814 0.000305
Toluene 92.1 0.186 0.027342 0.000297
T rich loroethy lene 131.4 0.299 0.043953 0.000334
Dichloroethylene 96.9 0.157 0.023079 0.000238
Total 0.146853 0.00143
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Figure 5.5.1.2.1 Injection Point Diagram
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5.6 RESULTS AND DISCUSSION OF THE EXPERIMENTAL DATA AND 
FITTING THE TANKS-IN-SERIES AND DISPERSION MODELS.
5.6.1 STEP CHANGE INJECTION INTO THE BAGHOUSE INLET
There are three sets o f  runs. Each run result consists o f  response curves for
benzene, toluene, trichloroethylene, and dichloroethylene. Response curves are shown in
Figure 5.6.1. All o f  the above curves are responses to step injection o f the mixture o f
benzene, toluene, trichloroethylene, and dichloroethylene, to the baghouse inlet. This
figure represents the tanks-in-series model and the experimental data collected, correlated
to the following equation for each organic compound measured:
Another three sets o f  sampling line pulse injection run results are shown for 
benzene, toluene, trichloroethylene, and dichloroethylene. Each set o f run results consists 
o f a pulse response curve for each o f  the above components. Response curves are shown 
in Figure 5.6.2. All the pulse injection results shown in Figure 5.6.2 are the results o f  
dispersion modeling.
All the dispersion modeling results showed that the experimental data correlated 
very well with the following model equation:
/ ( / )  = t f ( l - e x p ( -6 / ) )
and F ( t )  =  C(t)
The time constant (T) equals 1/b and C0 equals a, as shown in Table 5.2.3.
5.6.1.1 SAMPLE LINE INJECTION
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Where or = t
x„ = /O O
b = Time constant
Table 5.6.1 shows a summary of the tank-in-series model equation coefficients,
and Table 5.6.2 also shows a summary o f the dispersion model equation coefficients.
5.6.2 FITTING THE TANKS-IN-SERIES MODEL TO THE EXPERIMENTAL 
DATA
The concentration versus time data, for benzene, toluene, trichloroethylene, 
and dichloroethylene were used to model baghouse and determine the response 
function. The tanks-in-series model was used to analyze the data. The equation for 
the tanks-in-series is:
\  2 ( t \ * '-! 
N =
1 -  exp
/  \ tJ
(Levenspiel, 1999) 
Where
N = number of tanks-in-series
t = mean residence time
t = residence time
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Figure 5.6.1 Step Respons
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Table 5.6.1 Summary Tank-In-Series Model Equation Coefficient
Run a coeff. b coeff. Standard
Error
1 0.0024 1.19 0.06
2 0.0023 3.56 0.11
3 0.0022 5.84 0.23
Average 0.0023 3.5 0.13
Run a coeff. b coeff. Standard
Error
1 0.0022 1.14 0.05
2 0.0023 3.01 0.08
3 0.0024 1.39 0.07
Average 0.0023 1.8 0.07
Run a coefT. b coeff. Standard
Error
1 0.0022 1.57 0.06
2 0.0022 4.94 0.14
3 0.0021 2.33 0.18
Average 0.0022 2.9 0.13
Run a coeff. b coeff. Standard
Error
1 0.0022 2.73 0.09
2 0.0023 4.37 0.17
3 0.0022 2.65 0.16
Average 0.0022 3.3 0.14
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Table 5.6.2 Summary o f Dispersion Mode Equation Coefficient 
_______ Sampling Line Mixture o f organic compound injection Curve fitting














1 0.0018 0.00 0.74 0.01 1.67 0.02 0.45 0.04 0.0005 0.00
2 0.0022 0.00 0.70 0.02 1.28 0.03 034 0.01 0.0003 0.00
3 0.0008 0.00 0.53 0.02 1045 0.05 035 0.01 0.0002 0.00
Aver­
age
0.0016 0.00 0.66 0.02 1.47 0.03 038 0.02 0.0003 0.00













1 0.0009 0.00 1.25 0.03 1.58 0.03 0.67 0.01 0.0004 0.00
2 0.0009 0.00 1.41 0.02 1.43 0.02 0.71 0.01 0.0002 0.00
3 0.0003 0.00 1.01 0.02 1.87 0.05 0.75 0.01 0.0002 0.00
Aver­
age
0.0007 0.00 1.22 0.02 1.63 0.03 0.71 0.01 0.0003 0.00













1 0.0019 0.00 0.85 0.02 1.46 0.03 039 0.01 0.0004 0.00
2 0.0021 0.00 0.86 0.02 137 0.03 036 0.01 0.0003 0.00
3 0.0007 0.00 0.69 0.01 1.71 0.03 0.52 0.01 0.0003 0.00
Aver­
age
0.0016 0.00 0.80 0.02 131 0.03 0.49 0.01 0.0003 0.00














1 0.0027 0.00 0.5 0.01 1.20 0.01 0.13 0.01 0.0002 0.00
2 0.0028 0.00 037 0.02 1.21 0.04 0.21 0.01 0.0004 0.00
3 0.0010 0.00 039 0.01 137 0.05 0.28 0.01 0.0001 0.00
Aver­
age
0.0022 0.00 0.42 0.01 1.26 0.03 0.21 0.01 0.0002 0.00
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The MS-CEM output (concentration versus time) was analyzed using a regression 
program (Sigmaplot, 1998). Different tanks-in-series models, from one-tank models to 
four-tank models, were used to fit the data. In order to determine the best model to fit 
the experimental data, three sets o f data were used to determine the best fit. The best fit 
was determined by using the model with the minimum residual sum o f the squares (SS). 
Table 5.6.3 shows the residual SS.
Table 5 .63  Residoal Sam o f  Squares for One to Four Taaks-Ia-Series Model
N- Tanks Run A Run B Run C Average Std. Error
1 2.9 1.8 1.8 2.2 0.4
2 3.0 1.5 3.1 2.5 0.5
3 4.1 1.9 3.8 3.3 0.7
4 5.2 2 3 4.3 4.0 0.9
The programs used to fit one, two, three, and four tanks-in-series models are
shown in Figures 5.6.3 through 5.6.6. The results o f  these tanks-in-series models are in
Figure 5.6.7. The model with the least residual sum o f the squares is the one-tank model,
therefore, this is the best fit. The one-tank model results are shown in Figures 5.6.8.
5.6.3 FITTING THE DISPERSION MODEL TO THE EXPERIMENTAL DATA 
RESULTS FOR SAMPLING LINE INJECTION
There is no expression for a dispersion model for the E(t) curve, for the closed 
vessel. However, various curves for different values o f  D/UL are shown in Levenspiel 
(1999). The experimental data can be evaluated by calculating D/UL and comparing the 
results with the curves in Figure 5.4.2.
108


















Figure 5.6.3 One-Tank Model Program
Nonlinear Regression 
Benzene





b=2' {{previous: 5.417}} 
a=max(y)-min(y)’{{previous: 2.14648}} 
[Equation]
f==a*( 1 -exp(-2*b*x)*( 1 +2*x*b)>







Figure 5.6.4 Two Tanks-In-Series Model
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Nonlinear Regression 
Benzene
















Figure 5.6.5 Three Tanks-In-Series Model
Nonlinear Regression 
Benzene
















Figure 5.6.6 Four Tanks-In-Series Model
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D = axial dispersion coefficient 
U = velocity 
L = length o f  the pipe
2a  -  variance or a measure o f the spread o f  the curve 
The experimental data is used to calculate the variance (<7 ):
<r 2 =
f bat
[,C d t' Z t zC " Z  tC
zc .  ZC-
Where
C = concentration o f the component in the mixture injected into the 
sampling time 
t = resident time
The concentrations (C) at various times (t) are the MS-CEM output data, a  is 
calculated for each component: benzene, toluene, dichloroethylene, and trichloroethyiene.
a  for the benzene component was calculated as follows, using the spreadsheet.
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SC = 0.172 
S/C  = 0.143 
S /2C = 0.166
<r2 =
I t 2 C M  
I  C M
S/CA/
I C M
A t =  Constant
<r2 =
- 2t =












<r 2 0 2 7
a  = - t- = 0.69 = 0.39
Then
Or
0.39= 2 A -  2 A “
a 2 = 2 A -  2 A d
. - . - G
1 -  e
A =  A2 





A is found by iteration using the above equation. 
A = 0.27
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The extent o f  dispersion (A) for toluene, trichloroethylene and dichloroethylene was 
calculated using the same method. Table 5.6.4 shows the value o f (A) for all runs.
The values o f “A” are within the values reported by Levenspiel (1999), as shown in 
Figure 5.4.2. For each run, the value o f (A) in Table 5.6.4 is very close, except in Run 1, 
where dichloroethylene’s (A) value is 0.8, as compared with a 0.4 average. By reviewing 
the other two runs, dichloroethylene does not show excessive high value. 
Dichloroethylene’s (A) value may be due to an experimental error o f injecting more 
dichloroethylene than benzene, trichloroethylene, and toluene.
Molecular diffusion may also play a part in dispersion diffusion. Each o f these 
organic compounds have different molecular diffusion co-efficients and, as a result, one 
should expect differences in the values between these organic compounds.
Another reason why (A) varies for each compound, from one run to another, is 
due to the point o f injection o f the mixture into the instrument air flowing through the 
tube. If  during one run, the mixture is injected into the flowing instrument air near the 
tube wall, where the velocity o f the flowing instrument air is slower than in the center o f 
the tube, the value o f  (A) will tend to be larger, for that particular run. Since (A) is 
inversely proportional to velocity (U), as in equation 5.6.3, and if the organic mixture was 
injected into the center o f the sampling line tube, where the velocity is high, the value o f  
(A) will be smaller than the value o f the run that was injected near the tube wall. 
Therefore, the velocity profile, o f the flowing fluid in the tube, has an effect on the value 
o f (A).
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Table 5.6.4 Extent of Dispersion (D/UL) Calculation






Benzene 1 0.2 0.1 0.2 0.4 0.3
Dich loroethy lene 1 0.1 0.1 0.1 0.7 0.8
T rich loroethy lene 1 0.2 0.2 0.2 0.4 0.3
Toluene 1 0.1 0.2 0.3 0.4 0.3
Average 0.4
Benzene 2 0.2 0.2 0.4 0.7 0.7
Dichloroethylene 2 0.1 0.1 0.1 0.6 0.6
T richloroethylene 2 0.2 0 3 0.5 0.5 0.4
Toluene 2 0.2 0.3 1.0 0.5 0.5
Average 0.5
Benzene 3 0.1 0.0 0.1 0.4 0.3
Dichloroethylene 3 0.0 0.0 0.0 0.4 0.3
T rich loroethylene 3 0.1 0.1 0.1 0.3 0.2
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The value varies from one component to another because of the
vapor pressure difference, as shown in Table 5.6.5.
Table 5.6.5 D/UL and Vapor Pressure
Components D/UL Vapor Pressure
Benzene 0.4 100
Toluene 0.3 30
T richloroethy lene 0.3 70
Dichloroethylene 0.6 200
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CHAPTER 6
SUMMARY, CONCLUSION AND RECOMMENDATION
6.1 INTRODUCTION
The objective o f  this research is to develop and evaluate a  Mass Spectrometer- 
Based Continuous Emission Monitor (MS-CEM), to identify and to quantify organic 
compound emissions from combustion devices, such as incinerators, industrial furnaces, 
and boilers. Another objective is to use the MS-CEM to model gas flow through the LSU 
Pilot-Scale Rotary Kiln Incinerator (RKI).
The description o f the MS-CEM, consisting o f  Mass Spectrometer and Sampling 
System, can be found in Section 3.3, and the Set-up and Calibration are described in 
Section 3.4. Organic compounds used in this research represents typical organic, 
hazardous air pollutant emissions from incinerators, industrial furnaces, and boilers. These 
compounds are benzene, toluene, trichloroethylene, and dichloroethylene. The mixture o f 
these compounds were injected, step change, at the baghouse inlet, into the combustion air 
flowing through the RKI, at an ambient temperature and a high Reynold’s number (4x105). 
The emission o f each o f the above compounds was continuously monitored and recorded 
every second. In addition, the same organic mixture was instantaneously injected into the 
sampling line and the MS-CEM continuously monitored and recorded the concentration o f 
each organic compound every second. The flow o f the instrument air, through the 
sampling line, was laminar flow with a  Reynold’s number o f  1.7x103. The detailed 
description and discussion o f  the experiment are in Chapter IV.
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6.2 SUMMARY OF RESULTS
The results obtained from the MS-CEM output were compared with the results o f  
the material balance, based on the amount o f  the organic mixture injected into the 
baghouse inlet, and into the sampling line, as discussed in Section 4.2. Table 6.2.1 shows 
the expected concentration o f  each organic compound in the stack and the concentration 
measured by the MS-CEM..
Table 6.2.1







Benzene 2.7E-05 2.3E-05 4.0E-06 IS
Toluene 2.2E-0S 2.2E-0S 0.0 0.0
Dichloroethylene 2.9E-05 23E-05 6.0E-06 21
T rich loroethy lene 2.6E-05 2.1E-05 2.2E-06 19
The results obtained from the MS-CEM by step change injection for each 
compound, as compared with the expected result are 15%, 0%, 21%, and 19% for 
benzene, toluene, trichloroethylene, and dichloroethylene respectively. Table 6.2.2 shows 
that the percentage differences between the amount injected and the amount detected are 
11%, 10%, 16%, and 14% for benzene, toluene, trichloroethylene, and dichloroethylene 
respectively.
The response time for the step change from the baghouse inlet injection are shown 
in Table 6.2.3 for each organic compound in the mixture. The calibration value was 
unchanged for each organic compound, as described in Section 4.3
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Table 6.2.2 Difference Between Amonnt Injected and Amount Detected






Benzene 0.00073 0.00065 0.00008 11
Toluene 0.00072 0.00065 0.00007 10
Trich loroethy lene 0.00080 0.00067 0.00013 16
Dichloroethylene 0.00057 0.00049 0.00008 14
Table 6.2.3 Average Response Time
Component Average Response Time (min)
Benzene 1.2
Toluene 1.5
Trich loroethy lene 1.3
Dichloroethylene 1.1
The step change injection into the baghouse inlet modeling produced response 
function:
F(t) = \ - e ~ b‘
Where
b =  —T
T = Time constant 
The average time constant for each component is listed in Table 6.2.4
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Table 6.2.4 Time Constant (T) and Tracer Concentration (C„) for Each Organic 
____________ Component from Step Change Response Function________________
Component C, (% mole) Time Constant, T (min)
Benzene 0.0023 0.29
Toluene 0.0023 0.56
T richloroethylene 0.0022 0.34
Dichloroethylene 0.0022 0.30
The sampling line pulse injection calculation o f the degree o f  the spread, for
all o f the organic compounds injected, were within the values predicted by 









The Mass Spectrometer-based Continuous Emission Monitor (MS-CEM), 
for organic compounds, meets the EPA definition o f  Continuous Emission 
Monitor (CEM). The EPA defines CEM as a monitor that can 
continuously take samples every fifteen (15) seconds and record the results 
every minute. The MS-CEM takes samples every second and records the 
results o f  the analysis every second.
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• The response time for each organic component was less than two minutes. 
The EPA specifies that the CEM must not have a response time greater 
than two minutes. Therefore, the MS-CEM meets the EPA response time 
requirement.
• The results o f the step change injection and pulse change injection material 
balance results, and the MS-CEM measured concentration percentage 
differences, varies from 0% to 21%. This percentage difference can be 
attributed to organic mixture preparation measurement and possible 
evaporation o f the mixture during the injection procedure.
• The modeling o f the incinerator, using the step change injection to the
baghouse inlet, shows that the baghouse, I.D. fan, and the MS-CEM
t
System are represented by 1 -  e T, where T is time constant.
• The degree of spread is different for each organic component
(benzene, toluene, trichloroethylene, and dichloroethylene) injected into 
the laminar flow instrument air.
6.4 RECOMMENDATION
• The modeling o f each RKI unit should be performed using inert gas, rather
than a volatile organic compound. An inert gas, such as Argon, should be
used to inject into the individual unit, as discussed in Section 5.4.
• A step change or pulse injection experiment needs to be done for each o f 
the following units: Rotary Kiln, Secondary Oxidation Chamber, Boiler, 
Scrubber, and the MS-CEM.
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The response function, for each component, must be determined, using the 
MS-CEM measured concentration versus time.
After using Argon, the step change or pulse injection for each unit o f  RKI 
may be performed using a mixture o f  organic compounds at various 
temperatures, to represent the actual temperature at the stack when 
burning organic compounds in the rotary kiln and secondary combustion 
chamber.
Whenever benzene, toluene, trichloroethylene, and dichloroethylene is 
used, either as a step change injection or pulse injection, fragment 
calibration must be performed to correct for the interferences between 
these compounds.
A certified calibration gas, from a reputable company, must be used to 
calibrate the Mass Spectrometer. The calibration gas must be accurate to 
within two percent.
The Nation dryer must be ON, whenever the RKI is running and the sample 
is being drawn from the stack or wood burning stove, to avoid moisture 
from getting into the Mass Spectrometer.
Microsoft Windows 95 or a higher version should never be installed on the 
computer dedicated to the Mass Spectrometer. MS Windows 95 and 
higher are not compatible with the Extrel Questor IV Mass Spectrometer.
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APPENDIX A
CALIBRATION PROCEDURE - MASS SPECTROMETER
Before starting calibration, check to make sure that the mass spectra o f each 
component that needs to be monitored are in the Questor IV library. If the spectra o f any 
component to be monitored is not in the Questor IV, follow procedures in Section 3.5.1, 
to enter the spectra into the Questor IV library.
A .l STREAM COMPONENT EVALUATION
The following steps are used to manually evaluate the analysis mass for each 
component to be analyzed.
(1) Go to Stream Evaluator (Misc. Group)
(2) Choose File to open a new file
(3) The Stream Composition window appears
(4) Select the Add button and the component dialog box will open
(5) Add each component, its estimated concentration, and the analysis mass, 
then click OK
(6) Repeat steps 4 and 5 until all o f the components have been entered
(7) Use the Relative Interference Factor (RIF) and the Relative Standard 
Deviation (RSD) to determine whether the Mass Spectrometer Questor IV 
is capable o f  analyzing any o f  the components, because Questor IV cannot 
analyze a component with a RIF > 4 and a %RSD > 30.
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A.2 MASS SPECTRUM - TUNING
The second step in calibration o f  the Mass Spectrometer is to obtain good mass 
peaks for the analysis mass o f  each component to be analyzed. The following steps 
explain the tuning procedure.
(1) Go to Instrument Control (Control Group).
(2) Select the Tune Button.
(3) The Tune Control window appears on the screen as shown in Figure A.2.1
File Qata SmartWare (jelp
Figure A.2.1 Tune Control Window
(4) Select the valve that is connected to the multicomponent blend calibration
cylinder.. For example, Figure A.2.1 shows valve 11. This is the valve that 
was connected to the organic calibration gas cylinder.
(5) Add the masses to be analyzed.
(6) Set the PreAmp. The PreAmp for the multiplier is either 1 or 2, and the
Faraday Plate is between 1 and 5.
(7) Enter the width.
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(8) Enter the multiplier voltage and gain, if the multiplier detector is used. 
This is not applicable if the Faraday Plate is used only.
(9) Enter the voltage value for the ionizer scale.
(10) Enter the Extractor Voltage.
(11) Adjust voltage values for Lens 1 and 2 and Pole Bias.
(12) Use the calibration table to adjust the peak position and resolution. By
changing the value under Cal., the peak position can be adjusted.
Changing the Res. mass, the mass peak is resolved from the neighboring 
peaks.
(13) See the Questor IV Manual for details 
A 3 METHOD EDITOR PROGRAM
The third step is to use the Method Editor program, to generate the fragment 
matrix, based on the detection mass and type of detector. The following steps detail the 
procedure involved in using the Method Editor program to generate the fragment matrix.
(1) Select the Method Editor (Editors Group), the Method Composition
window as in Figure A.3.1 appears. Choose File to open a new file.
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Figure A.3.1 Method Composition Window
(2) Select the Add Component button to enter the components and their 
detection masses. Click on the arrow in the Detector column o f the 
Method Composition window to choose the Detector. Enter the desired 
number in the Ion Repeat Column. This number specifies the number of 
scans to be averaged.
(3) Click Window to view the Fragment Matrix, as shown in Figure A.3.2.
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Figure A J.2 Fragment Matrix Window
A.4 INTRODUCTION OF CALIBRATION GASES
The fourth step is to send the calibration gas from the calibration gas cylinder to 
the Mass Spectrometer. Figure A.4 shows the schematic diagram used to introduce the 
calibration gas into the Mass Spectrometer.
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Figure A.4 Mass Spectrometer Calibration Schematic Diagram
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The procedure to introduce the calibration gases into the Mass Spectrometer is outlined
below:
(1) Make sure that the ball valves V08, V09, V I1, V12, V13, and V14 are 
closed.
(2) Open the valve in the calibration gas bottles.
(3) Adjust the delivery pressure to 12 psig, using the regulators on the gas 
bottles.
(4) Open V01 through V06.
(5) Make sure that the pressure relief valves PRV 01 through PRV 06 are set
to 20 psig.
A 5 CALIBRATION PROCEDURE
The fifth step is to define calibration procedures, using the Method Editor 
program. These are steps to set-up the calibration procedure. (See the ABB Extrel 
Manual for details)
A.5.1 BACKGROUND CALIBRATION
(1) Select Window and choose Background Calibration.
(2) Select the Add button to enter the valves associated with the background
calibration steps. This is the valve connected to either the Argon or 
Nitrogen gas cylinder.
(3) Click on the Scan Average, Delay and Delta cells to enter the appropriate 
values. A typical value for the Scan Average is 10. The delay is the
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clearing time (the time to wait before starting to take data) and is set to 10 
seconds. A delta value o f zero is typical.
(4) Click on the cell, under a mass, to measure the background at that mass. 
An A" in a cell designates that a  background value will be measured at that 
mass. A blank cell indicates that the background value, at that mass, is not 
measured during the calibration step. Clicking the left mouse button 
enables either an A" or a blank in the cell.
(5) The Background Calibration window, Figure A.5.1, shows the 
Background Calibration window for the analysis o f the organic mixture.




Figure A.5.1 Background Calibration Window
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(1) Choose the Fragment Calibration window, and select Fragment 
Calibration.
(2) Select the Add button to enter the valves associated with the fragment 
calibration. (See pages 4-10 to 4-14 o f the ABB Extrel Questor IV 
Manual for details).
(3) Click on Scan Average, Delay, and Delta and enter the appropriate values.
(4) Select the cell under a mass to enter a B, for base mass for the analysis 
mass, or an X, for the fragment at this mass to be measured relative to the 
base, or a blank. A blank indicates that no fragment will be measured at 
that mass.
SENSITIVITY CALIBRATION
(1) Choose Window and select Sensitivity Calibration.
(2) Select the Add button to enter the valves associated with the sensitivity 
calibration step.
(3) Enter delay, scan average, and delta values, as shown in Figure A.5.3.
(4) Click the left mouse button on the cell under a component, to enter either a 
B, the concentration o f the component, or a blank, as shown in Figure
A.5.3, for the organic compound’s mixture analysis. Note: The organic 
mixture calibration gas was connected to valve 11.
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Figure A.5.3 Sensitivity Calibration Window
A.5.4 CALIBRATION PROCEDURE
(1) Choose Window and select Calibration Procedure
(2) The Calibration Procedure Window, for organic mixture analysis, is shown 
in Figure A.5.4. 3 represents background calibration. 2 represents 
sensitivity and background calibration, with no fragment calibration.
(3) Select the Add button and the calibration procedure dialog box appears, as 
shown in Figure A.5.4. Use the >> button to add the calibration steps to 
define the calibration procedure.
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Figure A.5.4 Calibration Procedure Steps
(4) Select File and save the file as one with an mw extension
(5) Download the calibration procedures by selecting
(A) the Instrument Control Icon (Control Group)
(B) the Download button
(C) Window
(D) Choose the calibration file to be downloaded
(E) Click Download and the file will be downloaded to the Mass 
Spectrometer Front End Processor
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APPENDIX B
START-UP PROCEDURE FOR THE MASS SPECTROMETER
B .l DETAILED START-UP STEPS
The following steps detail the start-up procedure for the Mass Spectrometer.
(2) Open the cabin door and check the oil level o f the rotary or rough pump.
(3) Check all the fittings at the rotary valve and make sure that they are wrench 
tight.
(4) Turn ON the Main Power switch in the AC circuit breaker box.
(5) Turn ON the Pumps switch in the AC circuit breaker box.
(6) Turn ON the Air-Conditioner switch, located outside the main cabin.
(7) Wait for the reflection o f  the green LED o f the Turbo Pump controller.
This reflection can be seen on the right rail o f the VACTRAC assembly. It 
takes about three minutes for the LED to glow.
(8) Turn ON the Small Heaters, Enclosure Temperature, and the Electronic 
DC Power switches in the AC power circuit box.
(9) Close the main cabin door.
The operation o f the Mass Spectrometer can now be controlled using the Questor 
IV application, as discussed in Chapter HI. There are four software application groups: 
Control, Data, Editors, and Misc. Figures, as shown in Figures B. 1 through B.4.
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Figure B.1.2 Data Group Icon*
Figure B.1.3 Editor* Group Icon*
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B.2 USING HOST COMPUTER TO SET-UP THE MASS SPECTROMETER
(1) Select Host Communication (Control Group). This is the application that 
establishes communications between the microprocessor in the Mass Spectrometer and the 
Host computer. This application window could be either opened or run minimized.
Figure B.2.1 shows the Host Communications window. Make sure that the number 
against Received keeps changing.
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Select Instrument Configuration (Control Group). Figure B.2.2 shows the 
Instrument Configuration window. Enter an optimum ionizer temperature 
(200°C). The transfer line temperature should be set at least 20°C greater 
than the dewpoint o f  the incoming sample. Turn ON the Power, Ion 
Gauge, Filament, and Heater by selecting the box next to each item and 
choosing the Apply button.
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Figure B.2.2 Instrument Configuration
(3) Select Analysis Data Base Set-up (Editors Group). This is where 
the data storage format for the Host Computer is defined. The 
analysis data base set-up consists o f five individual data bases: 
Valves, Label, Stream, Data Set, and Tags. Figure B.2.3 shows the 
Valves data base.
Using the Add button, include the streams connected to each o f the 
rotary valves.
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Figure B.2.3 Valve
(4) The label data base specifies which components from the Questor IV 
library are available for method creation and how this component is 
identified during data storage and display. Using the Add button, include 
labels for all o f  the components to be analyzed. Figure B.2.4 shows the 
labels data base.
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Figure B.2.4 Labels
(5) The Data Set data base acts as a subdirectory on the PC where particular 
data will be stored. A good rule for defining a data set is to have as many 
data sets as analysis streams. Figure B.2.S shows the data set data base. 
Using the Add button, include a name o f the data set for each analysis 
stream.
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Figure B.2.5 Data Set
(6) The Stream data base links an analysis stream to a data set. Figure B.2.6 
shows the Streams data base. Using the Add button, add the process 
stream to the data set.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure B.2.6 Stream
(7) The Tags data base associates a particular component in the analysis stream 
with a data type. The data types are the concentrations and the intensities 
o f a component. Figure B.2.7 shows the Tags data base. Using the Add 
button, assign a data type to a particular component.
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Figure B.2.7 Data Tag
(8) Select Host Output Editor (Editors Group). Figure B.2.8 shows the Host 
Output file. The Host Output file tells the microprocessor what data tag to 
send to the Host Computer for display. Use the Add button to add the 
concentration for the components in the analysis stream and save the file as 
one with an hw extension.
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Figure B.2.8 Host O utpu t Editor
(9) Select Instrument Control (Control Group). Figure B.2.9 shows the 
Instrument Control window. Click on Download. Download the Host 
Output file created in Step 8.
Figure B.2.9 Instrum ent Control
(10) The next step is to calibrate the Mass Spectrometer (Appendix A.5).
(11) Select the Manual button in the Instrument Control window. Figure
B.2.10 shows the Manual Control window. Enter the valve to which the
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process stream is connected and the method file. The method file was the 
one created while defining the calibration procedure (Appendix A. 5). 
Enter the desired calibration step to be performed. Enter the Host Output 
file name and click on the Apply button.
Figure B.2.10 M anual Control
(12) The Mass Spectrometer is now in the analysis mode, analyzing the process 
stream connected to the valve chosen. The calibration steps are first 
executed and then continuous analysis o f  the process stream takes place.
B.3 RETRIEVAL OF DATA RESULTS FROM THE MASS SPECTROMETER 
M ICROPROCESSOR (FRONT END) TO THE HOST COM PUTER
(1) Select Analysis Logger (Data Group). While in the analysis mode, it is
important to have the Analysis Logger window open. Note: Select
Instrument Status (Control Group). Click on Temperature and make sure
that the ionizer temperature is about 200°C.
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(2) The output (Concentration versus Time) can be viewed using the Analysis 
Plot application group. This is a software package to graph real-time data. 
Details about the usage o f  this software are given in Chapter 5 o f  the user’s 
manual (ABB Extrel Corporation). Figure B.3.1 shows a typical screen 
generated by the Analysis Plot software during real-time analysis o f a 
process stream. Note: If  at the end o f the run, the operator decides to stop 
data acquisition, he/she only needs to close the Analysis Logger window, 
so that he/she can use the same step-up without repeating the whole set-up 
again, except to check for calibration.
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Figure B.3.1 Analysis Plot
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B.4 SHUT DOWN PROCEDURE
The following steps detail the shut down procedure for the Mass Spectrometer.
(1) Select Instrument Configuration (Control Group). Turn OFF the 
Filaments and the Ion Gauge. Set the ionizer temperature to zero. Turn 
OFF the Heater and Power.
(2) Choose Instrument Status (Control Group), click on Data, click on 
Temperature. The temperature o f  the ionizer is displayed. Wait about 
fifteen minutes for the ionizer temperature to read 100°C or less
(3) Open the mam cabin door. Turn OFF all the switches inside the cabin.
(4) Crack open the black knob in the Turbo Pump. Slide the VACTRAC 
assembly out o f the main cabin. After two minutes, tighten the black knob. 
Close the main cabin door and turn OFF the Air-Conditioner.
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